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ABSTRACT 


The  Multi. Jet  engine  consists  of  a large  number  of  tiny 
pulse- Jet  tubes  assembled  into  a matrix.  It  differs  from  the 
standard  pulse-jet  in  that  it  achieves  a shock  compression  prior 
to  combustion  and  in  addition  completes  the  combustion  at  con- 
stant volume.  The  shock  compression  is  achieved  by  the  sudden 
closure  of  the  exit  valve.  As  a result  a normal  shock  proceeds 
forward  in  the  tube  resulting  in  a pressure  ratio  of  the  order 
of  2.  as  the  shock  approaches  the  front  end  of  the  tube  a front 
valve  closes.  Thus  the  compressed  air  is  boxed  into  a closed 
volume.  The  combustion  is  achieved  rapidly  by  surface  combustion 
from  hot  ceramic  tubes,  the  combustion  proceeding  radially  in- 
ward in  the  tube.  The  constant  volume  combustion  results,  say, 
in  a temperature  ratio  of  about  5 and  correspondingly  another 
pressure  ratio  of  5-  Thus  the  overall  pressure  ratio  Is  of  the 
order  of  10.  At  this  point  the  rear  valve  is  opened  to  produce 
a jet  thrust.  After  the  flow  is  expanded,  the  front  valve  opens 
and  the  scavenging  is  completed. 

A typical  tube  is  about  i inch  to  i inch  in  diameter  and 
6 Inches  long.  A Jet  unit  producing  a thrust  of  150  lbs  at 
a maximum  temperature  of  3000°F  has  a diameter  of  about  8 % Inches, 
a weight  of  43  lbs  and  a specific  fuel  consumption  of  1.86 
lbs/hr/lbs  of  thrust. 

‘"'ith  current  ceramic  materials  a peak  gas  temperature  of 
2500°P  may  be  safely  considered  as  the  design  cruising  temp- 
erature.  This  contractor  has  tested  a number  of  materials  in 
single  combustion  tubes  under  pulsating  conditions  and  satis- 
factorily demonstrated  that  they  will  withstand  a gas  temperature 
of  2500°P  for  extended  periods.  A number  of  promising  ceramics 
have  been  developed  with  promise  for  withstanding  a gas  temp- 
erature of  3000°P;  however,  these  have  not  yet  been  tested  by 
this  contractor. 

The  following  table  gives  the  performance  characteristics 
of  the  engine  at  a flight  speed  (or  helicopter  tip  speed)  of 
600  ft/sec: 
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Temperature 

Thrust 

^peeific  Fuel 
Consumption 

op 

Pounds 

Pounds  Per  Hour 
Pound  of  Thrust 

2000°P 

94  lbs 

1.69 

Temperature 
of  Cruise 

2200°F 

105  lbs 

1.73 

2500°F 

120  lbs 

1.80 

Temperature 
of  Max.  Power 

3000°P 

150  lbs 

1.86 

Figure  5 gives  the  variation 

of  the  thrust 

and  specific  fuel 

consumption  with  flight  velocity. 

There  are  160  tubes  in  this  assembly  and  each  tube  fires 
240  times  per  second.  With  the  physical  arrangement  given  in 
this  report  there  are  about  960  thrust  pulaes  per  second.  The 
result  is  almost  a steady  net  thrust  since  the  expansion  of  each 
jet  occupies  about  2$%  of  its  firing  cycle  and  the  individual 
radial  columns  of  tubes  are  fired  in  sequence.  Thus  the  Multi- 
Jet  engine  should  be  much  smoother  and  quieter  than  the  conven- 
tional pulse- Jet. 

The  Multi-Jet  engine  promises  to  be  a very  simple  and  in- 
expensive Jet  unit  suitable  particularly  for  helicopters  and 
other  subsonic  aircraft  and  missile  application.  Preliminary 
design  studies  indicate  that  a helicopter  powered  by  Multi-Jet 
engines  has  a greater  range  and  enduranoe  ( for  all  payloads 
greater  than  15^  of  the  gross  weight)  than  can  be  obtained  with 
other  types  of  powerplants . This  comparison  is  shown  in  the 
table  below: 

Endurance  in  Hours  for 
Helicopters  with  Various  Propulsion  Systems 

Payload  - % of 

Oross  height 222 152 


MULTI-JET 

3.40 

4.40 

5.00 

Piston-Engine 

1.60 

3.70 

5.00 

Pressure- Jet 

1.50 

2.20 

2.80 

Pulse-Jet 

1.45 

1.80 

2.00 

Ram- Jet 

0.70 

0.90 

1.00 
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FOREWARD 


This  report  was  prepared  by  the  Aerophyslcs  Development 
Corporation  under  U.S.  Air  Forde  Contract  Number  AF  33(6l6)-37» 
This  is  the  final  Technical  Report  of  the  preliminary  analysis 
carried  out  from  24  January  1952  to  24  January  1953  under  the 
research  and  development  contract  Identified  by  Expenditure 
Order  No.  fi-467-4  BR-1.  This  report  is  the  last  of  a series 
Issued  in  fulfillment  of  the  above  mentioned  contract. 

Included  among  those  who  cooperated  in  these  preliminary 
studies  are  J.  Beggs,  who  worked  on  the  preliminary  design  and 

preliminary  layouts  of  the  engine;  tDr.  A.  T.  Zahorski,  who 
assisted  with  the  structural  considerations;  J.  B.  Kendrick,  who 
assisted  with  the  preliminary  design  of  an  overall  helicopter 
configuration;  D.  Woestenburg  who  built  and  Installed  the 
experimental  equipment  and  assisted  in  running  the  experimental 
tests . 

The  author  is  particularly  Indebted  to  Dr.  V/.  Bollay,  who 
originated  the  idea  of  the  Multi-Jet  and,  under  whose  able 
guldanoe  this  work  was  undertaken.  His  stimulating,  active 
Interest  throughout  the  various  stages  of  the  present  invest- 
igation was  deeply  appreciated. 
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LIST  OP  SYMBOLS 
Velocity  of  sound  - ft/3ec 


* tr 


Specific  fuel  consumption-  lbs. fuel  1 hour 

1 b . thrust 

Impulse  of  ^ases  admitted  at  the  Intake  - lb. secs. 


**  Velocity  of  sound  - ft/3ec 

Ct  - Thrust  coefficient  - . --- 

A 

D - Tube  diameter  - feet 
F - Thrust  - lbs. 

•p  - Specific  fuel  consumption-  lbs. fuel  1 hour 

1 b . thrust 

Jq  - Impulse  of  gases  admitted  at  the  intake  - lb. secs. 

Ttfer  ~ Net  impulse  of  gases  per  cycle  - lb.  secs. 

Xs  - Impulse  of  ~ases  d/scnar^ed  during  scavenging. 

Xy  - Impulse  of  rases  discharged  during  thrust  phase, 

L -'Length  of  combustion  tubes  - feet 

M - Mach  number  . 

Mj  - Mach  number  of  flow  in  o-  -.'.bastion  bubo  during  Intake  * M, 

P - Pressure  - lbs./sQ.ft. 

Maximum  average  cycle  pressure  in  tube  - lbs/sq.ft. 

n5q.  - Air  specific  impulse  - lbs,  thrust 

lb3 . of  air/ sec . 

7*"  - Temperature 

U - Fluid  particle  veloc’ty  - ft. /sec. 

- Mean  effective  exit  velocity  - ft. /sec. 

^ - (or  Vol.)  - Total  volume  of  a combustion  tube  - ft. 

Air  flow  - lbs. /sec. 

- Fuel  flow  - lbs. /sec. 
w - Lbs.  of  air  in  the  tube 
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- Inlet  diffuser  efficiency  - 


- Duration  of  burning  - secs. 

£c  - Duration  of  pulse  compression  - secs. 

- Duration  of  t * me  from  the  Instant  the  valve  starts 
opening  to  the  instant  that  it  is  closed  - secs. 

- Duration  of  scavenging  - sees.  ' 

"Vy  - Time  required  for  the  valve  to  open  or  close  - 3ecs. 

'C-  - Duration  of  one  cycle  - secs. 

tot 

Tf  - Duration  of  exhaust 

Qj  - Average  density  of  the  air  in  the  tube  just  before 
6 disc’v  r.’e  - slugs/cu.ft. 

^3  A VC 

• 

^ - Velocity  of  the  shock  wave  with  respect  to  the  fluid 

’ part’cles  in  fropt  of  the  wave. 

X - Characteristic  mass  flow  - lbs,  of  alr/sec. 

sq.ft,  of  frontal  area 


SUBSCRIPTS 

0 - Free  stream  or  ambient  conditions. 

1 - Flow  conditions  in  thf;  tube  after  leaving  the  inlet 

diffuser. 

£ - Flow  conditions  in  the  tube  after  passing  through  the 

shock  wave. 


J - Plow  conditions  in  the  tube  after  burning. 
N - Uozzlo  or  exit  flow  conditions. 
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SL 

- Sea  level  conditions. 

"t  - Supply  conditions. 


SUPERSCRIPTS 


(prime)  - Variable  steady  flow  conditions  while  the 
tube  is  exhaust 'ng. 


(double  prime) 
outlet . 


Condi t?nns  of  the  f 1 ow  at  the  tube 
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INTRODUCTION 


This  report  gives  the  preliminary  performance 
analysis  of  the  Multi- Jot.  It  describes: 

(1)  The  cycle 

(2)  The  Ideal  performance  of  a single  Tube 

(3)  The  actual  performance  of  a single  Tube 

(if)  The  performance  of  a large  supersonic  unit 

(5)  The  performance  of  a snail  subsonic  unit 

(6)  The  materials  that  can  be  used  and  the 
feasibility  of  practical  applications 

(7*)  The  preliminary  experimental  test  runs  of  a 
single  tube  model. 

The  report  is  divided  into  two  parts.  Part  I gives  the 
neeialts  and  conclusions  of  tho  overall  program.  It  also 
Includes  the  recommendations  for  further  study.  Part  II 
describes  the  technical  details  of  the  Multi-Jet  and  derives 
the  basic  eqxiations  of  the  cycle  of  pperatlon. 
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The  principle  of  operation  of  the  Multi-Jet  engine  can  be  under- 
stood most  simply  by  first  considering  the  limiting  case  of  an  ideal 
cycle-  2 imple  tube  of  constant  cross-section  through  which 

air  is  flowing  at  a Mach  Number  * M,.  This  tube  is  mounted  on  a 
vehicle  (airplane  or  helicopter  tip  moving  at  a Mach  Number  M0.  This 
is  shown  in  Figure  1 (a).  The  air  flow  is  suddenly  stopped  by  the 
closure  of  valve  A as  shown  in  Figure  1 (b).  As  n result  the  air  at 
the  end,  near  A,  is  suddenly  brought  to  rest  and  a compression  shock  S 
travels  upstream  at  a velocity  slightly  greater  than  the  velocity  of 
sound  (measured  with  respect  to  the  moving  air  particles),  '/hen 
this  compression  shock  S reaches  the  upstream  end,  a valve  B is 
suddenly  closed.  This  is  shown  in  Figure  1 (c).  The  air  compressed 
by  the  shock  wave  S has  a pressure  ratio  pa/p,  and  a temperature 
ratio  T2./T|  . It  will  be  noted  that  if,  for  example,  Mi  = 0.6  then 
P£  /o  * 2.17  and Tz /-g  ® 1,27.  If  this  air  had  been  compressed  by 
isentropic  compression  then  it  would  have  reached  a pressure  rise 


I SENT  - 


= 0.275 


As  a result  of  the  non-steady  compression,  a pressure  rise 

^ P ~ ^ "117 

p(  1.17 


was  obtained.  The  ratio  SuOC/<&Plb £WTIs  shown  in  Figure  2.  The  air 

is  now  heated  by  constant  volume  combustion  to  a temperature  T3  shown 
in  Figure  1 (d).  During  the  const-ant  volume  heating  cycle  Pg.  = 

• R T2,  P3I/3  = R T-j  and  since  ~ then  p3/p2  = ”^3/7^ 

If  the  temperature  ratio  Vti  = a .60  for  example,  corresponding 
to  a temperature  T3  » 3030°R  (2570°F),  then  Py / Pa  =4.6.  If  in 
addition  M0  « Mi  « 0.6,  then  the  resultant  pressure  ratio  is  n/p,  - 
4.6  X 2.17  "10.  At  this  stage  of  the  cycle  the  rear  valve  A Is  openec 
and  the  hot  high  pressure  gases  are  permitted  to  expand  rearward,  as 
shown  in  Figure  1 (e).  ./hen  the  pressure  inside  the  tube  is  reduced 
to  the  total  pressure  of  the  inlet  flow  M0  the  inlet  valve  B is  opened. 
The  inlet  flow  traveling  at  a Mach  Number  M0  is  brought  to  rest  at  the 
mouth  of  the  tube.  Meanwhile  at  the  exit  of  the  tube  the  ambient 
static  pressure  is  lower  than  the  pressure  in  the  tube.  Therefore, 
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the  reaminder  of  the  burnt  gases  oontinue  to  flow  out  of  the  tube.  The 
flow  at  the  entrance  of  the  tube  has  been  brought  to  rest  while  the 
inlet  valve  was  closed.  As  the  valve  is  opened  the  inlet  air  begins 
to  flow  into  the  tube.  This  flow  may  be  compared  to  the  steady  flow 
of  air  in  a stream-tube  towards  a stagnation  point  and  then  again  away 
from  the  stagnation  point.  A more  exact  analysis  of  this  flow  using 
the  method  of  characteristics  is  carried  out  in  a later  section.  Thus 
new  fuel-air  mixture  flows  into  the  tube  replacing  the  remainder  of  the 
burnt  gases  from  the  previous  cycle.  This  is  shown  in  Figure  1 (f). 
When  the  tube  is  completely  filled  with  a new  charge  the  rear  valve 
closes  and  a new  cycle  is  started. 


The  performance  characteristics  of  a Multi-Jet  with  a maximum 
diameter  of  8£"  were  computed.  The  total  length  of  this  engine  is 
21-&  Inches.  This  includes  the  inlet  duct,  diffuser  and  a short  outlet 
duct.  A perspective  drawing  of  the  complete  engine  is  given  In 
Figure  3*  The  main  body  of  the  engine  consists  of  an  assembly  of 
tubes  arranged  longitudinally  in  a cylindrical  fashion.  The  packing 
arrangement  is  preferably  such  as  to  obtain  as  much  combustion  volume 
as  possible  in  the  8*  Inch  diameter  cylinder.  The  tubes  are  arranged 
in  a group  of  six  circles  with  the  tubes  on  the  outer  circle  having 
the  larger  diameter,  and  the  tubes  in  the  inner  circle  having  the 
smallest  diameter.  The  inside  diameter  of  each  of  the  tubes  from  the 
outer  to  the  inner  circles  is  Q.S 1",  0.47",  0.40",  0.29",  0.28"  and 
0.25"  respectively.  There  are  32  tubes  in  each  circular  row.  The 
length  of  oil  the  tubes  is  6 inches.  The  total  cross-sectional  area 
of  the  combustion  tubes  is  25.0  square  Inches  which  is  49.5$  of  the 
total  frontal  area.  The  tubes  are  surrounded  by  a packing  consisting 
of  Flberfrax  which  acts  as  a insulating  material  as  well  as  providing 
a shock-proof  method  of  holding  the  tubes.  This  material  resembles 
cotton  wool  and  can  be  packed  with  various  densities  around  the  tubes. 
It  will  withstand  temperatures  up  to  2500°F  without  any  adverse 
effects,  and  up  to  3000°F  with  sintering. 

Arranged  to  rotate  on  the  face  of  the  front  wall  at  the  Inlet  end 
of  the  tubes  Is  the  Inlet  valve,  having  four  diametrically  opposed 
pie-shaped  portions.  Arranged  to  rotate  on  the  face  of  the  back  wall 
at  the  exhaust  end  of  the  tubes  is  the  exhaust  valve  also  having  four 
diametrically  opposed  pie-shaped  portions.  The  open  portion  of  the  in- 
let valve  is  so  arranged  that  fuel  and  air  is  allowed  to  flow  into  the 
tube  at  the  proper  time  and  the  solid  portion  is  so  arranged  that  burn- 
ing and  exhaust  can  occur  in  the  tube  at  the  correct  time  as  the  inlet 
valve  revolves.  The  exhaust  valve  is  similarly  arranged  to  rotate  on 
a common  shaft  with  the  inlet  valve  and  to  allow  discharge  and 
scavenging  to  occur  when  the  open  portion  is  opposite  the  tube  opening 
and  pulse  compression  and  burning  to  occur  when  the  closed  portion  is 
opposite  the  tube  opening.  The  configuration  can  be  seen  on  Figure  3. 


-4- 

IN  or  4*MQN 


RESTRICTED 


^rcuwrrr  mronMA-noN 


afcSTRICTF  3 


PREPARED  BY 

AEROPHYSICS 

DEVELOPMENT  CORPORATION 

REPORT  NO 

2000-1-R1 

CHECKED  BY 

PACIFIC 

PALISADES,  CALIFORNIA 

DATE 

Jan  24,1953 

The  total  weight  of  the  engine  is  43  lbs  including  the  outer 
cowling  and  inlet  ducting  and  diffuser.  This  weight  is  computed 
under  the  assumption  that  Metarule  tubes  are  used  as  combustion 
chambers.  At  this  time  the  materials  for  an  engine  operating  at 
a maximum  cycle  gas  temperature  of  2500°F  can  be  readily  obtained. 

As  shown  on  Figure  4,  the  various  parts  can  be  made  from  the  follow- 
ing materials : 

Outer  skin  - aluminum 

Inner  diffuser  skin  (Aft  of  fuel  nozzles)  - enameled  steel 
(Solaramic  or  similar  process) 

Inlet  valve  and  central  fairing  - enameled  steel 

Outlet  duct  - enameled  steel 

Exhaust  Valve  - enameled  steel 

Surfaces  of  valves  facing  tubes  - coated  with  refractory  cement 
(Adachrome  Super  Plastic  Cement) 

Front  and  rear  headers  - castable  Refractory  (B  & W Kromecast) 

Combustion  Tubes  - Metamic  Type  LT-1 

Spaces  between  tubes  and  central  shaft  packed  with  Flberfrax. 

The  above  materials  have  been  tried  and  proven  in  a single  tube 
mock-Up  model  of  the  Multi- Jet  and  all  have  withstood  the  temperatures 
quite  well.  The  model  was  operated  for  periods  up  to  15  minutes  at 
maximum  gas  cycle  temperatures  of  2500°F.  It  was  also  operated  for 
short  periods  at  gas  temperature  of  3000°F.  None  of  the  above 
materials  failed  during  these  runs. 

The  enameled  steel  will  take  temperatures  up  to  1800°F.  The  re- 
fractory cement  facing  on  the  valves  is  good  to  3000°^  and  has  excell- 
ent adherent  properties  with  steel.  The  castable  refractory  on  each 
end  of  the  tube  matrix  withstands  temperatures  up  to  3000°F.  The 
flberfrax  can  take  temperatures  up  to  2400°F  without  any  effects.  It 
will  withstand  temperatures  up  to  3000°F  for  a short  time.  The  metamic 
tubes  have  been  tested  at  2400°F  to  give  a strength  of  3200  psi  ten- 
sile. With  a maximum  cycle  gas  temperature  of  2$00°F  the  top  steady 
state  temperature  of  the  tube  walls  is  2300°F.  The  rear  valve  and  the 
central  shaft  are  fuel  cooled.  The  inlet  valve  is  air  cooled.  These 
materials  have  actually  been  tested  in  the  test  rig  mock-up  of  the 
Multi-Jet  and  have  stood  up  through  many  test  runs.  Figure  4 is  a 
sketch  of  the  Multi-Jet  showing  the  materials  used  for  the  Important 
parts . 
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The  above  engine  can  be  safely  run  up  to  a maximum  cycle  gas 
temperature  of  2500°P.  There  are  materials  that  have  been  developed 
which  will  make  it  possible  to  run  the  maximum  cycle  temperature  to 
3000°F  but  these  materials  were  not  tested  In  the  present  model.  It 
is  expected  that  with  future  development  a maximum  cycle  gas  tempera- 
ture of  3000°F  can  be  reached.  For  example,  molybdenum  tubes  with  a 
disillcide  coating  can  take  temperatures  up  to  3000°F  buC'at  present 
are  expensive. 

1 .3  Performance 

Figure  5 is  a composite  graph  of  the  important  performance 
characteristics  of  an  8^"  maximum  diameter  Multi-Jet.  The  weight- 
thrust  ratios  for  typical  design  or  operating  points  are  given.  A 
check  of  these  points  shov;s  the  advantages  of  the  Multi-Jet  over  the 
Pulse Jet.  The  approximate  characteristics  of  the  7^"  diameter  Pulse- 
Jet  developed  by  the  American  Helicopter  Co.  are  reported  to  be  as 
follows : 

1.  Tip  speed  - 2 75  ft/sec 

2.  Thrust  - 45  lbs. 

3.  Specific  fuel  consumption  - 4.5  lbs/lb-hour 

4.  Weight  - 30  lbs 


The  above  figures  are  approximate.  A comparison  of  the  above  values 
with  Figure  5 shows  that  the  thrust  per  frontal  area  for  the  Multi-Jet 
is  about  2^  times  greater.  The  weight- thrust  ratio  is  about  for  the 
Multi-Jet.  The  specific  fuel  consumption  is  about  1/3.  Furthermore 
the  Multi-Jet  can  be. operated  at  any  tip  speed  with  little  change  in 
its  performance  charadterlstlcs . 

Figure  6 gives  the  performance  characteristic  of  an  8i"  diameter 
ramjet.  This  curve  was  obtained  from  Reference  13.  The  actual  curve 
in  Reference  13  gives  the  performance  of  a 6"  diameter  ramjet.  The 
thrust  curves  plotted  cm  Figure  6 represent  an  8^"  diameter  ramjet 
and  it  was  assumed  that'  the  specific  fuel  consumption  and  the  thrust 
per  unit  frontal  area  remained  the  same  as  for  the  6"  diameter  Jet 
described  in  Reference  13 . Again  by  comparing  with  Figure  5 we  see 
the  better  performance  of  the  Multi-Jet.  The  ramjet  excels  only  in 
its  low  weight.  At  low  tip  speeds  the  ramjet  is  too  inefficient  in 
both  its  fuel  consumption  and  its  thrust  performance.  The  absence 
of  static  thrust  makes  the  starting  of  a ramjet  powered  helicopter 
quite  involved. 

The  biggest  advantage  of  the  Multi-Jet  can  be  seen  when  a compari- 
son is  made  of  the  payload  carried  by  the  various  helicopters  powered 
by  different  propulsion  systems.  This  comparison  can  be  seen  on 
Figure  7.  The  comparison  of  the  piston  driven  helicopter,  with  the 
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with  the  Jet  helicopters  shows  the  superior  carrying  capacity  of  the 
piston  helicopter  for  long  range  hauls.  The  Jet  type  helicopters 
show  their  superior  carrying  capacity  for  the  short  haul  operations. 
The  reasons  for  the  above  characteristics  are  well  known.  The  lower 
specific  fuel  consumption  of  the  piston  engine  in  spite  of  its  higher 
engine  weight  makes  it  possible  for  it  to  travel  the  farthest  with 
the  greater  load.  Due  to  the  lower ‘weight  of  the  Jet  units,  the  Jet 
helicopters  can  carry  more  payload  for  the  shorter  distances. 

On  the  other  hand  th^  Multi-Jet  powered  helicopter  combines  the 
advantages  of  the  two  above  mentioned  systems.  The  weight  of  the 
Multi-Jet  units  are  only  slightly  higher  than  that  of  the  other  Jet 
units  while  its  fuel  consumption  is  much  lower.  In  spite  of  its 
fuel  consumption  being  higher  than  the  piston  engine,  the  Multi-Jet 
powered  helicopter  can  carry  a greater  aayload  than  the  piston  driven 
helicopter  over  the  same  range  due  to  its  lower  weight.  Except  for 
the  extremely  long  ranges  where  the  payload  amounts  to  only  10 % of  the 
gross  weight  or  less  the  Multi-Jet  is  superior  to  the  piston  driven 
helicopter.  The  above  comparisons  can  be  seen  in  Figure  7 which  was 
obtained  from  Reference  12. 


A single  tube  mock-up  of  the  Multi-Jet  was  constructed  and  test 
run.  The  main  purnose  of  the  model  was  to  Investigate  the  following 
problems : 

1.  Testing  of  tube  materials  under  actual  operating  condi- 
tions. 

2.  Investigation  of  methods  of  mounting  tubes. 

3 . Connected  nipe  test  of  the  valved  single  tube  model  to 
determine  if  the  cycle  can  be  sustained  and  if  the 
fuel-air  mixture  is  re-ignited  and  burned  in  each  succeec 
ing  cycle . 

Due  to  the  pulsating  character  of  the  flow  no  instantaneous 
measurements  could  be  taken  of  the  air  or  fuel  flow.  The  experiments 
did  Indicate  that  a net  thrust  was  obtained  and  that  combustion  was 
taking  place  due  to  the  fact  that  the  tube  did  not  cool  down  during 
a run.  A six  inch  tube  of  £ inch  Inside  diameter  was  used. 

The  tube  was  preheated  by  means  of  a flame  holder  operating  under 
a low  air  flow  velocity.  It  is  proposed  to  use  a similar  method  to 
heat  the  tubes  in  the  actual  unit.  It  was  found  that  the  tubes  had  to 
be  preheated  to  about  1800°F  before  the  cycle  could  be  started. 

In  the  actual  unit  mounted  on  the  blade  tip  of  a helicopter  rotor 
the  valves  can  be  rotated  by  means  of  a fuel-driven  turbine.  The  fuel 
will  be  under  a high  pressure  due  to  the  centrifugal  forces  produced 
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by  the  rotating  blades  and  this  pressure  can  be  utilized  to  turn  the 
valves.  A schematic  diagram  of  the  fuel  system,  the  helicopter  rotor 
speed  control,  and  the  Multi-Jet  valve  drive  and  speed  control  is 
shown  in  Figure  8 . 

Starting  of  the  engine  is  presently  considered  to  be  accomplished 
as  follows:  A line  from  a pressurized  gas  container  in  the  fuselage 

will  dirve  the  rotary  valve  Independently  of  the  fuel  motor  by  means 
of  a small  gas  turbine  at  a rate  higher  than  in  steady  state  operation. 
Rotation  of  the  valves  and  the  ejector  action  of  the  air  from  the  gas 
turbine  will  induce  a small  air  flow  through  the  engine.  A small  fuel 
flow  also  results  by  the  fuel  motor  acting  as  a pump  and  this  fuel  is 
injected  at  the  front  of  the  engine.  Ignition  is  obtained  in  this 
region  by  means  of  spark  plugs  and  the  fuel-air  mixtures  burning 
partially  exoand  through  the  engine  developing  a small  amount  of 
thrust  while  the  combustion  tubes  are  being  heated.  When  the  combustion 
tubes  are  sufficiently  heated  to  cause  auto  ignition  of  the  Incoming 
fuel-air  mixture,  thrust  will  increase  rapidly  allowing  the  blades  to 
rotate.  As  the  rotational  speed  increases  the  fuel  pressure  increases 
and  the  rotary  valve  may  then  be  driven  by  the  fuel  motor  instead  of 
the  compressed  gas  turbine.  This  "bootstrap"  arrangement  is  believed 
to  be  a practical  way  of  starting  the  engines  but,  of  course,  must  be 
experimentally  demonstrated. 

External  heated  air  supplies  could,  of  course,  be  used  for  pre- 
heating the  combustion  tubes  but  such  an  arrangement  involves  rather 
bulky  and  heavy  equipment  which  may  not  be  easily  available  at  various 
places  the  helicopter  may  desire  to  land. 

1-5  Pg.sqripUon.QX  slJ6"  Diameter  Eng,ln£ 

The  cut-away  perspective  view  of  Figure  9 shows  the  general 
configuration  of  the  Multi-Jet  engine  capable  of  supersonic  flight. 

The  combustion  chambers  are  arranged  as  a set  of  parallel  cylindri- 
cal tubes  in  a drum-like  cylinder  whose  outside  diameter  is  36  Inches. 
This  drum-like  cylinder  contains  two  end  walls  between  which  are 
mounted  the  combustion  tubes.  The  tubes  are  arranged  in  a group  of 
six  concentric  circles  with  the  tubes  on  the  outer  circle  having  the 
larger  diameter,  and  gradually  decreasing  in  diameter  to  the  inner 
circle  of  tubes  of  the  smallest  diameter.  The  inside  diameter  of  the 
tubes  from  the  outer  to  the  inner  circles  are  2.62",  2 .92”,  1.87", 

1.50",  1.23"  and  1.02"  respectively.  There  are  32  tubes  in  each  row. 

The  length  of  the  tubes  is  15  inches.  The  cross-sectional  area  of 
the  combustion  tubes  1b  506  square  inches  or  ^9-5%  of  the  maximum 
cross-sectional  area  of  the  engine.  The  diameter  of  the  engine  is  36 
inches  and  the  total  length  is  45  inches.  The  total  dry  weight  of  the 
engine  is  approximately  1000  pounds. 
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Two  rotating  plates  each  having  two  pie-shaped  cutouts,  mounted 
at  the  ends  of  a shaft  passing  through  the  center  of  the  cylinder 
serve  as  inlet  aid  exhaust  valves  respectively.  The  cut-outs  on 
the  plates  are  so  arranged  that  there  is  a force  balance  about  the 
the  center  line  of  rotation.  The  open  cut-out  of  the  inlet  valve  wil] 
provide  the  proper  time  for  the  inlet  of  fuel  and  air  to  the  tubes. 

The  cut-outs  of  the  exhaust  valve  provide  the  proper  time  for  exhaust 
of  gases  out  the  outlet  end  of  the  tubes. 

1.6  Performance  of  the  36"  Diameter  hnglne 

Figure  10  gives  a composite  plot  of  the  thrust  and  specific  fuel 
consumption  of  a 36"  diameter  Multi-Jet  engine.  The  static  weight/ 
thrust  ratio  r 0.25  and  is  somewhat  better  than  a turbo  jet.  The 
specific  fuel  consumption  i*  higher,  about  1.0  to  1.9  lbs  of  fuel/ 
hour  per  lb  of  thrust.  The  whole  unit  is  much  lighter  (about  £ that 
of  a turbo-jet  and  much  shorter  than  a conventional  turbo-jet.  The 
Multi-Jet  engine  should  be  very  much  cheaper  to  build  than  an  equiva- 
lent thrust  turbo-jet.  This  type  of  engine  can  advantageously  be 
used  to  replace  turbor-jets  in  an  expendable  type  of  missile.  Since 
the  engine  is  simpler  and  cheaper  to  build  than  a turbo-jet  and  since 
the  Multi- Jot's  performance  is  comnaraole  to  a turbo-jet  its  use  on  ar 
expendable  missile  (subsonic  or  supersonic)  is  desirable.  There  are 
two  disadvantages  of  this  unit  relative  to  the  turbo-jet.  These  are 
(1)  its  low  characteristic  mass  flow  (between  6 and  7),  and,  (2)  its 
lower  thrust/unit  frontal  area. (about  600  rounds  ’~r  3qu.  re  foot 7) 

!io:  < vt  r,  b.,  o .reful  design  of  the  missile,  tne  inlet  uiffuser  ana  the 
arrangement  of  the  Multi-Jet  units,  it  is  possible  to  obtain  an 
efficient  missile  configuration.  This  is  especially  true  if  the 
maximum  diameter  of  the  missile  oody  is  determined  by  factors  other 
than  the  engine  diameter.  It  is  expected  that  with  future  development 
In  the  design  and  arrangement  of  combustion  tubes  the  Multi-Jet  would 
allow  significantly  higher  characteristic  mas3  flows  ana  higher 
thrusts  oer  unit  frontal  area. 


The  Multi-Jet  ;an  also  compete  with  the  ram-jet  due  chiefly  to 
tne  former's  lower  specific  fuel  consumption.  Since  the  Multi-Jet  c 
supply  static  thrust  the  complexity  of  a large  rocket  boost  system 
required  for  a ram-jet  is  unnecessary. 
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SECTION  II 
RECOMMENDATIONS 


The  Multi-Jet  engine  promises  to  oe  a simple  and  inexpensive  jet 
unit  suitable  particularly  for  holicopters  and  other  aircraft  and 
missile  application.  Preliminary  design  studies  indicated  that 
although  the  specific  fuel  consumption  of  —Tot  5.-  more  than 

that  of  the  reciprocating  engine,  tne  much  lower  weight  makes  it 
possible  for  a Multi-Jet  propelled  helicopter  to  carry  more  payload 
for  long  as  well  as  short  range  operations. 

The  Multi-Jet  combines  the  simplicity  of  the  pulsejet  with  an 
engine  whose  specific  fuel  consumption  Is  less  than  half  that  of  the, 
pulsejet.  The  specific  weight  is  somewhat  less  than  a turbo-jet 
while  its  specific  fuel  consumption  is  only  slightly  higher.  The 
Multi-Jet's  durability  and  reliability  should  be  far  better  than  the 
conventional  pulsejet;  however,  the  cost  in  reasonable  quantities 
is  expected  to  be  only  slightly  higher.  Since  each  unit  is  made  up 
of  a large  number  of  combustion  chambers,  the  cycling  arrangement 
makes  it  Possible  to  superimpose  the  oulses  to  result  in  a nearly 
constant  thrust,  with  only  a small  resulting  ripple. 

The  main  emphasis  on  the  future  work  should  be  on  an  extensive 
experimental  program  to  determine  the  actual  performance  and  criti- 
cal design  points. 

The  work  with  u single  tuoe  model  of  the  Multi- Jet  should  be 
continued.  This  experimental  phase  should  include  the  testing  of 
as  many  ceramic  materials  as  are  obtainable.  In  this  way  it  is  folt 
that  the  present  maximum  cycle  tomporature  of  2500°?  can  be  raised 
to  3000°P.  The  single  tuoe  test  model  should  be  ouilt  to  exacting 
dimensions  and  must  be  cooled  throughout  so  that  accurate,  quanti- 
tative results  can  be  obtained.  Valve  clearances  must  bo  known  and 
must  be  strictly  maintained  during  a test  run.  Since  the  model  will 
be  constructed  partially  of  steel,  cooling  of  some  parts  will  be 
necessary.  This  test  program  will  be  aimed  at  determining  the  opti- 
mum length  for  the  combustion  tubes,  the  optimum  valve  configuration 
operating  wall  temperatures,  fuel-air  r;  tlos  and  starting  wall  temp- 
eratures. Due  to  the  pulsating  nature  of  the  inlet  and  outlet  flows 
special  instrumentation  will  be  required  to  measure  fuel  flow,  air 
flow,  thrust,  and  the  variation  of  pressure  and  temperature  during 
a cycle. 

Since  the  inlet  and  outlet  conditions  of  the  actual  engine  can- 
not be  simulated  in  a single  tube  model  further  testing  sould  include 
a single  row  of  combustion  tubes  arranged  in  a circle  having  a dia- 
meter of  3".  In  this  way  tne  pulsating  flow  in  the  inlet  pipe  can  bp 
eliminated.  The  area  ratios  between  the  inlet  duct  and  the  tube 
inlets  and,  the  exit  duct  and  the  tube  outlets  can  be  adjusted  in 
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the  single  row  test  engine  to  simulate  the  ratios  on  the  actual  pro- 
posed engine. 

Prom  the  very  simple  tests  that  have  been  conducted  on  the 
mode -up  model  of  a single  tube  unit,  there  have  been  obtained  many 
useful  ideas  that  can  do  incorporated  in  the  engine.  The  questions 
regarding  the  mounting  of  tho  tubes  have  been  answered  and  the  pro- 
blem of  obtaining  high  strength,  high  temperature  materials  has  been 
definitely  solved  for  cycle  temperatures  uo  to  2500°F.  A preliminary 
design  analysis  of  the  important  and  critical  components  was  carried 
out  and  there  appear  to  be  no  known  difficulties  regarding  the  pro- 
curement of  materials,  t.:e  structural  design  ^nd  the  manufacturing 
of  an  actual  unit. 

The  tost3  themselves  have  exhibited  tho  fact  that  the  cycle 
is  feasible  anu  t at  tie  cycle  is  sustained  as  the  tube  is  oner.od 
and  closed  by  the  valves.  The  model  also  exhibit*. d net  thrust,  hue 
to  the  pulsating  character  of  the  flow  and  tne  lack  of  proper  Instru- 
mentation it  was  not  possible  to  make  quantitative  measurements  on 
the  test  model.  Since  the  contract  was  not  primarily  an  experimental 
investigation,  the  funds  available  for  instrumentation  and  oquipment 
was  limited.  However  a crude  single  tuoe  model  was  constructed  in 
order  to  prove  the  fact  that  the  cycle  coulu  be  sustained  and  that 
ignition  of  the  fuel  could  be  obtained  in  the  hot  ceramic  tubes  as 
well  as  providing  a simulated  test  of  tne  vurious  materials. 

The  oerf ormence  analysis  does  not  inuicute  any  critical  points 
in  the  cycle.  The  curves  given  on  Figure  5 include  the  performance 
of  an  engine  operating  on  an  actual  cycle.  Frictional  flow  losses, 
mass  flow  and  pressure  loss  -due  to  the  slow  valve  opening  and  clos- 
ing times,  and  valve  leakage  losses  are  all  Included,  The  leakage 
losses  were  comouted  under  the  assumption  that  the  leakage  flow  was 
conducted  directly  to  the  environmental  static  pressure.  Actually 
the  flow  must  travel  through  Ion  narrow  passages  between  the  flat 
valve  face  and  tkc  flat  surface  of  tho  header  before  it  reaches  the 
outside.  Tho  tubes  in  tne  outer  circle  will  be  the  only  ones  th.it 
can  possibly  lose  the  amount  computed.  A loss  of  0 % of  tho  total 
mass  flow  tnrough  the  engine  was  comouted  for  valve  clearances  of 
0.002” . Actually  due  to  the  aoove  considerations  it  is  estimated 
that  about  of  the  mass  flow  '."ill  be  lost  when  the  valve  clearances 
are  0.002".  In  making  the  performance  computations,  a loss  of  8%  was 
used  so  that  the  maximum  allowaole  valve  clearances  could  possibly 
oe  raised  to  0.006" . It  is  felt  that  a clearance  of  about  0.004" 
can  be  maintained  .e tween  the  combustion  tube  faces  and  the  rotary 
valves. 
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SECTION  I 

BASIC  CYCLE  OF  OPERATION 

1.1  Description  of  the  Cycle  of  Operation 

In  order  to  establish  a nomenclature  the  operation  of  a basic 
cycle  will  be  set  forth.  (See  Figure  1) 

(1) 

A vehicle  assumed  to  be  traveling  at  a Mach  Number,  M0  » 
takes  in  air  and  diffuses  it  to  a Mach  Number  M,,  with 
a diffuser  total  pressure  of 

(2) 

The  air  passes  through  the  intake  valves,  and  it  enters 
the  duct  at  a Mach  Number  M,  • 

(3) 

This  air  flows  down  the  tube  resulting  in  flow  conditions 
at  the  tube  exit  of  , Pt*  and  Pt"  • The  duration  of 

scavenging = ^ . 

(4) 

The  exhaust  valve  is  closed  in  a time  IV  • This  closing 
process  is  started  just  before  the  last  bit  of  burned 
gases  has  been  discharged  and  it  is  completed  just  as  the 
last  bit  of  scavenged  air  is  discharged.  This  closing 

process  sends  forth  a series  of  weak  compression  waves 
which  combine, at  a dis tance, into  a normal  shock  wave. 

(5) 

This  normal  shock  wave  travels  up  the  tube  raising  the 
pressure  and  temperature  to  Pt*  , in  the  rear  and  P*  , 

T*  in  the  front  end. 

(6) 

Just  before  the  normal  shock  wave  arrives  at  the  front 
of  the  tube,  the  intake  valve  is  olosed  in  a time  , 

sending  small  expansion  waves,  which  in  the  time  "CV 
travel  a distance  of  L,  feet. 

(7) 

The  time  taken  for  the  normal  shock  wave  to  travel  up 
the  tube  ■ duration  of  pulse  compression  a Vc  • The 
Mach  Number  of  the  wave  Mw  will  be  a function  of  M(  , 

(8) 

After  the  front  and  rear  valves  are  closed  the  burning 
phase  takes  plaoe.  There  are  two  methods  used  for 
ignition.  In  one  case  the  normal  shock  wave  is  directed 
into  a conoical  shaped  dome  at  the  front  end  of  the 
tube  where  it  is  focused  and  strengthened*  to  the  point 
where  detonation  is  initiated.  The  detonation  wave  then 
sweeps  through  the  gases  in  a#time  'Cg  raising  the 
pressure  and  temperature  to  and  Pj,!)  in  the  back 

and  front  ends  respectively.  In  the  other  oase  the 
ignition  is  obtained  by  means  of  surface  combustion. 
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(9)  The  exhaust  valve  will  open  as  soon  as  burning  is  com- 
pleted. It  can  bo  designed  to  move  at  a predetermined  variable 
rate  so  that^  constant  average  thrust  is  obtained  instead  of 
a pulsating  force’ during  the  exhaust  part  of  the  cycle  or  it 
can  be  made  to  open  instantaneously.  The  time  required  for 
this  process  is  'C*  . The  variable  total  pressure  at  the  noz- 
zle as  the  tube  is  oxhausting  will  bo  denoted  by  P ' • The 
condition  at  the  nozzle  will  be  denoted  by  a subscript  N. 


(10)  When  the  pressure  at  the  exhaust  nozzle  has  dropped  to 
atmospheric,  the  inlet  valve  is  opened  completely  and  sca- 
venging is  initiated.  As  shown  by  the  experiments  of  Kadenacy 
(Reference  1)  and  others  it  is  possible  to  permit  the  pres- 
sure in  the  duct  to  drop  to  sub-atmospheric  values  and  to  use 
this  oressure  difference  to  initiate  the  savenging  part  of  the 
oyole.  It  is  also  hoped  that  the  jet  exhaust  of  each  exhaust- 
ing tube  can  be  directed  so  that  it  will  act  as  a jet  pump 
and  scavenge  the  other  tubes. 


(11)  At  the  end  of  the  exhaust  phase  the  inlet  valves  open 
and  scavenging  is  begun. 
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2*1  Equations  Descrlblm'  Fulse  Compression 

The  velocity  of  the  shook  wave  with  respect  to  the  fluid  part- 
icles In  front  of  the  shock  wave  - ^ , The  velocity  of  the  fluid 
particles  in  front  of  the  shock  wave  ■ u,  . The  a .solute  velocity 
of  the  shock  wave  - u,  • Prom  the  tables  of  normal  shook  wave 
characteristics  (References  2 and  3)  the  following  relation  can  be 
found 

JL  = /(y-o  +(y+Op»/p, 


IV e can  write 


. . .(1) 


i_  _ Hi  - /(*-') -r(Y-H)  pVf> 


and  therefore 


M z 

' 1 w 


'-!)  +-(,Yi-0 


- M, 


• • • ( 2 ) 


The  above  Dilution  is  plotted  on  Figure  2, 


The  relation  between  particle  velocities  and  pressures  before 
and  after  a normal  3hock  wave  is  given  by  Courant  and  -Friedrichs 
in  Reference  4.  In  our  notation,  we  have 


£ a* 


Ut-U.-CPe-R . . .(3) 

Our  boundary  conditions  give  U?=0*  Remembering  that  HsM, 
P,  = Pe,(3)  becomes  * ^ 1 


M|  /(r+oa/R  +(r- Q 


. . .(4) 


This  relation  is  plotted  on  Figure  3.  The  temperature  ratio 


. rfr-')(nyV.M,)1ra  1 ' 
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and  is  also  plotted  on  Figure  3. 


The  density  ratio 


p o 


c . 2 jUutions  for  Exhaust  Flow 


The  time,  'Cg  , re xuired  for  the  gases  to  expand  from  the  high 
pressure  F^(  Figure  1)  to  ambient  pressure  P0  , will  be  made  of 
two  ">nrts: 


1. 

2. 

’’.eight  Flow 


The  first  part  T' g (,  is  the  time  taken  for  sonic 
flow  at  the  exit  nozzle. 


The  second  part  /C&t  , is  the  time  taken  for  subsonic 
flow  at  the  exit  nozzle. 


. .(6) 


W * is  the  instantaneous  weight  of  gas  in  the  chamber.  Primed 
symbols  denote  the  instantaneous  values  while  the  chamber  is 
exhausting. 


wMrm  t ajA" 


. . .(7) 
. . .(3) 


'.here  -Amis  the  cross-sectional  area  in  square  feet  of  the  combustion 
tubes  and  L is  thoir  length  in  f eet  • (i  t-  AN  -*A0) 


2.2.1  Choked  Nozzle.  Since  the  gas  in  the  chamber  is 
expanding  isentropically 

£■£>+  *»d 


e,  f3- 

r* 

Using  (9)  and  substituting  (7),  e uation  (0)  becomes 

<9(% 

where  0 

(0  = <n  Yu. 

V P'  cl' 

fake  (6)  and  substitute 


. . .(9) 


• . . ( 10 ) 


O' 


W = W Jl. 


. . .(ii) 
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*L  P'/P3 


(10)  becomes  -"lA/  " v'' 

Indicate  Q/fi  - <T  • Then  equating  (12)  to  (10)  we  get 

3 


. . .(12) 


,[)  AnCL'  Jf'  - cL’T- 

^ A0  L ^ ‘ <r'* 5M 


. . .(13) 


For  sonic  nozzle  flow 


^ * *'  % 


r±J.  \,r=T 


> fo  / r±i) 

^ ^ C a ; 

Integrating  and  using  the  pressure  ratio 

T' 

le, 


L — 5 1 (tiller 

cf(r-n) 


l-y 


r-i 


A«  0.3 

2.2.2  Subsonic  Nozzle.  Talce  equation  (13) 

- A ''C  Ei 


. . .(14) 


. . .(15) 


V 

Ay  <*3 

- ^e,  ♦ rgfi 

A plot  of  these  relations  is  'iven  in  Fi  gure  4.  filiations  (13)  and 


then 


(15)  cun  jo  used  to  give  the  variation  of  P/pg  1th  tine.  See 


Figure  5 

2.2.3  Weight  Flow,  Take  equation  (8) 

/ Y+- 


«V-§  J t>r  y P,  a, 


. . .(16) 


W 


Y±L 


- <P(£)  “ 

3 


. . .(17) 


Using  the  relation  between  ^/Pj^nd  ^ e > the  weight  flow  can 
be  plotted  against  tine.  See  Figure  6. 


2.2.4  Discharge  Velocity. 

Vy 

a. 


. . .(18) 


This  relation  is  plotted  on  Figure  7. 
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2.2*5  Thrus  t 


f=  +/u  ^-p.; 


. . .(10) 


For  son:i.o  throat 


P*  ■ (-£r)~'  p' 


For  subsonic  tliroat 


P„=Po 


Dimen s i onl e s s Thru s t : 


F _ v*_  ^ P3  Ah  / PN  _ v 

qr3  yP,a3AN  cty*r1>3A„(  p3  % ) 


. . .(20) 


The  variation  u thrust  with  time  can  .>o  round  y usin'  •.  .na- 
tions (10),  (17),  (15),  and  (13)  vith  (20)  and  a:*':  plotted 

on  Figure  3* 


2.2.6  Imulse 


I = F.V. 


In  calculating  the  area  under  the  thrust  v-  rsu3  time  curves,  the 
assumption  was  lade  t.iat  the  chamber  -res sure  P ' , would  fall 
only  to  where  p's  pot  or  the  total  pressure  of  t..e  ambient  flow. 


Zy  - F Ve 


. . .(21) 


The  impulse  is  plotted  on  Fiyuro  9 against  the  ires  sure  ratio 
P3/P0  • 'Ve  can  write 


Ift  _ Ig  P;  _ U 5 

CL.  CL5  P3  f V P*  CLo  . . .(22) 

'there  ^*/p9  and  a4&oa*’°  functions  of  M0  and  *j/p  . dei, lender  that  in 


this  ideal  case  M,;  M#. 


The  impulse  duo  to  air  intake  dray,  I0  « total  mass  flow  X inlot 
velocity. 


= V ^3  , Ql  o _ l^o 

ao(*.fV  v (*0  .i/  £?.  ,0 


• » . ( do ) 


->"V  M4T>ON 


VA/t/AT/O/V  Or  77Y/?{/S7~  W/Ttf  77A*£  0t/X/A6  77/^i/ST  /*//ASf 


- T f, 
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FIGURE  r 

IMPULSE  OF  THE  DISCHARGING  GASES 
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This  function  is  .-lotted  on  Figure  10.  The  abovo  non-dimensional 
functions  are  also  tabulated  in  Table  I,  The  so  non-dinonsional 
functions  are  used  as  tho  oasl3  for  tx;o  anal  sis  of  the  ^ulti-Jot. 

0.3  K u tlons  for  the  Fuel-air  Ratio 

Tho  fuel -air  ratio  -..-as  confuted  from  tho  increase  in  internal 
enor^jy  of  the  mixture  after  ourniny.  The  tables  in  Keenan  and 
Kay,  Reference  5,  and  charts  oy  Satterfield,  ..illiams  anu  Kobtel, 
Reference  6,  ive  the  value  of  tho  internal  energy  aofore  and 
after  burning  for  various  fuel-.,ir  mixtures,  for  these  first  cal- 
culations tile  values  fro:1,  the  table  for  200/.  theoretical  air  in 
Reference  5 were  used  and  if  Tj  went  auove  5900°R  then  the  chart 
for  0.0F  in  Reference  6 was  used.  Actually,  the  internal  energy 
at  T 3 woulu  be  a function  of  the  fuel-air  r;  tio  and  in  order  to 
commute  the  F/A  -atio  the  method  of  successive  approximations  must 
be  used.  On  the  other  hand  since  the  variation  of  t ie  internal 
energy  at  Tj  varies  so  little  v-ith  fuel-air  ratio  this  method  was 
discarded  for  these  first  c: lculations.  The  fuel-air  ratios  are 
plotted  on  Figure  11. 
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The  first  compute  oions  ’..-ore  carried  out  for  r.  si  - »lif ied  ideal 
cycle.  The  assu cations  nauo  for  this  first  ,n.irt  of  tno  investigation 
arc : 


(1)  The  flow  .nti ch  i»  umber  uurirr ; scavenyiii;*,  M,  , i: 
eiual  to  t:ie  flight  fbcch  Iln-rh-T  Ni0» 


(2)  .-'rictional  flov;  losses  arc  no,  tier,  tv  .(_p,  iR P0  Pto  s ) 

(3)  The  duct  consists  of  a str.  ' ..t  tnrou  :i  flov  s./stt-n, 

( T)  Inlet  ana  must  valves  o >or.  i.au  close  in  rn  hi  :e . 


(3)  There  vi  11  be  no  contraction  or  expansion  of  the.  jot 
exit  mot  at  the  exit. 


{<>)  Co:ii;nstion  iMcienc;/  ill  • 100  ; the  .n,;.  ti 

.clue  of  tue  fuel  v,v.s  t ,.:.i  at  L , h 0 f/Fu/lo  o f fuel, 


jumnj". 


(7) 


0.010  secs. 

3.2  Description  of  the  al  Cycle 


H’OuUC  OS 

Of  CO’1 

jus  tion  £..ia; 

;i.von  > 

cons  o 

ant  dune 

limsti  on 

•.111  j 

■ calculated 

; iurni.i,; 

ook 

■fluci  throu  j 

. assumed 

to  oe> 

^0  = 

■ulti  Jot 

on  ine  can  be 

understood  .nos  t sin  tly  oy  first  consider  in,  the  11  i ting  cua-  of 
an  ideal  cycle.  Cons:  uer  a slm  >le  tube  of  constant  cross-se  tion 
through  which  air  is  flowing  at  a ./inch  iiu^ui.r  - M,  . This  t foe  is 
mounted  on  a vehicle  ( airnlane  or  a licontc.r)  novlnr  at  a ll  ch 
Ilumbor  M0  . This  is  shorn  in  r’iyuro  13  (a).  The  air  flow  :*  sud- 
denly stopped  oy  tin  closure  of  valve  A as  shorn  in  i*‘i>*ure  . (b). 

As  a result,  the  air  at  the  end,  near  A,  is  suddenly  brought  to  rest 
and  n compression  shock  3 travels  u.istroani  at  a velocity  some  chat 
roster  than  the  velocity  of  sound  a,  , (»i>  nsured  with  rosnoct  to 
the  :iovin;;  air  rmrticles).  hen  this  con  .ression  shock  S reaches 
the  uostroan  end,  a valve  ^ is  suddenly  closed.  This  is  shorn  in 
c’i'rure  13  (c).  The  air  co ' pressed  .by  t.r.  shock  S has  a pressure 
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This  function  is  plotted  on  Fi~uro  10.  The  abovo  non-dimensional 
functions  are  also  tabulated  in  Table  X.  The so  non-dimensional 
functions  are  used  as  tho  oasis  for  the  anal -sis  of  the  ^ulti-Jot. 

0 .3  K u tlons  for  the  Puol-air  Ratio 

Tho  fuel-air  ratio  ..-as  commuted  from  tho  increase  in  internal 
energy  of  the  mixture  after  uurniny.  The  tables  in  heenan  and 
Kay,  Reference  5,  und  charts  oj  Satturfield,  •■illiams  and  hot  tel, 
Reference  6,  jive  the  value  of  tho  internal  energy  before  and 
after  burning  for  various  fuel-..ir  mixtures.  i'‘or  these  first  cal- 
culations the  values  from  the  table  for  200,'.  theoretical  air  in 
Reference  5 were  used  and  if  "Tj  went  noove  5900°R  then  the  chart 
for  0.0P  in  Reference  G was  used.  Actually,  the  internal  energy 
at  Tjr  woula  be  a function  of  the  fuel-air  ratio  and  in  order  to 
compute  the  F/A  aatio  the  method  of  successive  approximations  must 
be  used.  On  tho  other  hand  since  the  variation  of  the  internal 
one r.^y  at  Tj  varies  so  little  with  fuel-air  ratio  this  method  was 
discarded  for  these  first  calculations.  The  fuel-air  ratios  are 
plotted  on  Figure  11. 
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5.1  Assu  notions 


The  first  commutations  wore  carried  out  for  a si'>lified  ideal 
cycle.  The  assu  nations  made  for  this  first  part  of  the  investigation  i 
are:  j 


(1)  The  flov/  .-*ach  Number  during  scavengin'* , M, , is 
e-iual  to  tixe  fli.-ht  hech  liume-r  M0. 


(2)  frictional  flov;  losses  are  neyleote  ,(_P,  - P,''-  P0  j f^o  = F|(  ) 


(3)  The  duct  consists  of  a str«  * a.t  tarou  :h  flow  s/s  tern. 


(i)  Inlet  and  exhaust  valves  or  on  anu  close  in  zero  tiie. 


(3)  There  will  be  no  contraction  or  expansion  of  the  jot 
exhaust  at  the  exit. 


( '>)  Com. nation  "ficiency  "ill  » 100  ; the  ho*,  tin; 


. eiue  of  t-ie  fuel  vx 


0 iT’d/le  1 :f  fuel, 


with  no  dissociation  of  prouuccs  of  coxoustion  ana; 
the  final  conditions  are  ,;iven  o.  constant  .olume 
ourninc. 


The  time  re  [uired  for  combustion  '.ill  o.  calculated 
under  tiie  assu  vtion  that  ourniny  ,.ook  place  throus i 
a uetonation  wave  anu  Wa.s  assumed  to  oe  'V  z 
0.010  secs.  ® 


3.2  Description  of  the  Iueal  Cycle 


The  principle  of  operation  of  the  Llulti  Jot  on  ine  can  be 
understood  most  siimly  by  first  considering  the  li  itinc  case  of 
an  ideal  cycle.  Consider  a simple  tube  of  constant  cross-section 
through  which  air  is  flowing  at  a Fach  Numoor  ; M,  , This  tube  is 
mounted  on  a vehicle  (airplane  or  helicopter)  moving  at  a ch 
Number  M0  . This  is  shown  in  Figure  13  (a).  The  air  flov'  is  sud- 
denly stopped  by  the  closure  of  valve  A as  shown  in  Figure  13  (b). 

As  a result,  the  air  at  the  end,  near  A,  is  suddenly  brought  to  rest 
and  a compression  shock  S travels  upstream  at  a velocity  somewhat 
reator  than  the  velocity  of  sound  CL,  , (m.  asured  with  respoct  to 
two  iov inp  air  particles).  hen  this  compression  shock  3 reaches 
the  upstream  end,  a valve  3 is  suddenly  closed.  This  is  shown  in 
Figure  13  (c).  The  air  co-:  pressed  by  t shock  S has  a pressure 
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ratio  a/n  , . nd  a to’i.vjf.i  ■ urv  ratio  ^/Tl  . It  \ »'  J.  1 1 0 w?  1 i O t O d tl  "I  cl  t 

If,  for  uXu..rl^,  Mlj  - 0#"  tl.orx  R/pj  ■ o#»-*  ^*ior*  ^/R  r r*/7T 

. i.?7.  If  t’ ..1 3 .-.ir  has  ovion  con  unused  ny  stoau.,  isentro  >ic  comoros 
slon,  teon  it  . oul  . have  roacnea  a arossurj  rise. 

A£L  I 3 £ NT  „ ■Sa.-r.3- 

p0  Po 

•'  s result  of  tho  aon-a  tuuuv  co  ; n*03sion,  a ms  sure  rise 

a a = rj  - b 

(3.  f? 

..as  oo^uinea,  Vue  ratio 

AR  S HOC  K 


= /-/7 


j is  shown  in  Fiyuro  IS. 


4 P 


I St  NT 


| Tho  air  is  now  !>oac-u  by  const  ait  volu.no  co  must  ion  to  a to. .it- 

erator o Tj  , s ,o-n  In  Vi  uro  13  ( d) . Durin  tho  cons  nt  volume 
uea tin,,  cycle  , P3*P3  R Tj  anti  since  (\  * (?3  , z.ioi i Pvp2  * rV7i  • I 

If  the  tomoeri.  Lure  ratio  ■ 4 • . -0  f ow  u /canola,  corrcs  ;onuin,.;  to  a j 

to.r-xirature  Tj  s 3030°R  ( : 57 (Pi1)  then  •Vpt  r 4.  0.  If,  in  audition, i 
' M0=  M,  B 0.  0,  then  o.ie  resnltir.  prossur**  r..do  it  *4.9  X 2.17  «j 
10.  ,i  ;'is  s ta  .<•  oL‘  tiiu  cycle,  tho  roar  v.»lvu  is  opened  unu  the  * 
hot  hi  ;h  pros  .urc  asos  art'  u,ni  tod  to  >rnd  roar-v:  ra,  as  shown  in 
Fiyure  13  (c).  "hen  the  jr--3sure  inside  t tune  is  reuucod  to  the  , 

total  >res3ure  of  tho  inlet  flow  Rot • t:  e inlot  valve  3 is  o >onod.  j 

The  inlet  flow  traveling;  at  a Mach  Number  Mpis  orouyht  to  r *st  at  ! 

tho  nou th  of  the  tune.  M un.V'ilo,  at  he  exit  of  the  u t -o  a ; 

| ent  static  irussuro  is  lowr  .nun  tl  o pros  sure  in  the  tu  oc  j there!' 

tho  remainder  of  ti:c  rarnt  yases  continue  to  flov/  out  of  the  tune. 

; The  flow  at  the  entrance  of  the  tube  has  boon  brought  to  rest  vhilo  | 

| the  inlet  valve  v.v.s  closed.  As  tho  valve  is  omened,  tho  inlet  sir  | 

j be pins  to  flow  into  two  bubo . This  flow  nay  oo  com >a rod  to  tho 

i steady  flow  of  air  in  a s trea  ’.-tube  towards  a stagnation  noint  and 

then  a aln  away  from  the  stagnation  ■oliit , Thus  now  fuol-wir  fixture 
flows  into  tho  tute  ro  > lac  in;'  the  remainder  of  the  burnt  yas>.  s from 
tho  previous  cycle.  This  is  shown  in  Fiyuro  13  (f).  hen  tho  tube  Is 
completely  filled  with  a now  char  yo,  tho  rear  valve  closos  ana  a now 
cycle  is  started, 


This  ideal  cycle  is  co.inoseu  of  four  phases: 

(1)  Scavonyiny  and  Intake 

(2)  Shock  Co n >rossion 

(3)  Combustion  at  Constant  Volume 

(4)  nx nuns ion 

5.3  derivation  of  the  forformunce  Characteristics 

Tho  pulse  or  snock  compression  is  obsuinou  uy  means  of  the 
shock  wave  forned  by  the  closure  of  tno  exhaust  valve,  This  shock 
vu.  o is  formed  at  the  exhaust  valve  unu  travels  upstream,  sto  mine 
tho  incoming  fluid  particles  and  co«;.>rossin,:  tiu-m  to  a hi;  hoi; 
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pressure.  The  relations  between  the  Mach  Number  of  tho  duct  flbW,Mi  , 
the  ore  a sure  ratio, 6/R  and  the  temperature  ratio  Tt/r,  » are  derived 
in  Section  II,  ana  are  given  on  Figure  3.  Tho  absolute  velocity  of 
the  shock  wave  is  f-u , and  the  velocity  of  sound  ahead  of  the  wave 
is  ct, . The  Mach  humour  of  the  wave  nw  * !_l£'  is  given  in  Figure  2. 

From  these  two  figures,  the  Pressure  ratio  and  the  time  required 
for  shock  compression  may  oo  found,  i'ho  duration  of  3r.ock  compres- 
sion Tc  is  tho  time  required  for  tho  wave  to  travol  from  the  exhaust 
to  the  inlet  vulvo. 

■"hen  tho  shock  arrives  at  bee  inlet  or  front  end  of  the  tubo, 

! the  inlet  valve  closes,  thu3  trapping  the  compressed  fuel-air 

mixture  in  the  tuuc.  The  fuel— air  mixture  us  allowed  to  burn  and 
"the  final  temperatures  and  pressures  will  bo  dot*  rained  by  the 
efficiency  of  cumin,  ana  the  fuel-air  ratio.  From  the  assumptions 

vie  have: 

| (1)  burning  efficiency  * 1005. 

I «r*  p 

! ( , )»#•  _ -hi  (constant  volume  burning). 

| 't  't 

i (3)  T,  - Tt"  and  ft  - '%*'  ( f rictionlesu  fluid  flow). 

' The  time  ro  piireu  for  burning  will  be  taken  as  a constant 

I value  of  0.010  seca.  actually  the  combustion  of  the  fuel-air  will 

i bo  c -Tried  out  in  o 3b  .os: 

I 

I 

i (1)  The  turning  by  a flame  front  traveling  at  very  low 

velocities,  1 to  2 ft/aoc. 

(2)  The  burning  by  a uetonation  wave  traveling  at  large 
velocities,  4000  to  5000  ft/sec.  The  variation  of 
with  various  parameters  (i.e.  longth,  F/A  ratio,  etc.)  is 
small  enough  to  oo  neglected  in  these  calculations,  there- 
fore a constant  v^luo  of  "Cg  - 0.010  secs.  i3  used. 

In  this  simplified  ideal  case  tine  computations  will  be 
carried  out  with  M«  and  ft /ft  as  the  variable  parameters.  It 
should  be  noted  that,  for  b;ii3  case,  given  values  of  M#  and 
uniquely  doternine  tho  value  of  t3/t0* 

The  Specific  Fuel  Consumption  is  given  b:  the  following 
equation 

_f_  . . 3k00  V p V'Cii  0a  L 

><-ra,  r fo  . . *(24) 

This  is  plotted  on  Figure  14,  15,  15,  17,  13,  and  lb. 

Lot  t*o  when  the  inlet  valve  o >ens.  To sumo  that  the  duration 
of  the  scavenging  'has a is  given  oy  tin;  time  takon  Tor  the  gas 
interface  at  the  inlet  valve  bo  travel  down  the  tuoe  at  Mach 
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The  duration  of  the  pulse  compression  is  assumed  to  be  given  by 
the  time  tolren  for  the  normal  shock  wave  to  travel  from  the  exhaust 
valve  to  the  inlot  valve. 


/ 


SL/e  - 

L ' ' mVasl  r r 


. . .(26) 

The  duration  of  detonation  and  burning  is  assumed  to  oe  made  up 
of  two  parts:  ( 1 ^ the  time  required  for  detonation  to  form, 

( ' ) yi  1 1*  t iiiw  required  for  tu«>  ue 'conation  to  sweep  over  the  rest 
of  the  hsus, 


-c, 


octGsl 


war  .Lion  of  the  e.xhaust  phase  is  given  by  Figure  4. 


. . .(27) 


•-a  {&  7 £i  -L 

r wz,\  «*  a«- 


r°  0 Unction  of  (Figure  4).  Since 

is  lar  v 3 can  De  neglected.  The  total  duration  of  one 
cycle  can  Do  assumed  to  vary  directly  with  the  length  of  the 


.(28 


tuoe. 


The  average  thrust  oer  sq.  ft.  of  nozzle  area  is 

^ - o?N£T  - . Y R>1_ 


. .(29) 


See  Figures  20,  21,  and  22  for  a plot  of  this  function. 

Air  Specific  Impulse:  (pounds  of  thrust  per  lb  of  air  per  see.) 

_ F Vf  > T fS 

. . .(30) 


f9  AnS*  w fq  l 

where  the  weight  of  air  per  cycle  is  given  by 

w fe  . a p 

wr  K 'SL 

Tne  plot  of  equation  (30)  can  be  found  in  Figures  23,  24,  and  25. 


The  performance  charecteris cics  of  a single  tube  engine 
operating  under  the  conditions  assumed  at  the  beginning  of  this 
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section  arc  given  in  Figures  26  to  50.  The  thrust  per  s*.  foot  of 
frontal  area,  tno  specific  fuel  consumption,  the  air  specific 
impulse,  and  the  thrust  coefficient  are  plotted  against  flight* Mach 
Number  for  various  top  temperatures  in  r'i-uros  26,  27,  20,  and  29 
respectively.  Figure  30  . ,ivos  the  characteristic  mass  flow  of  a 
single  tube  engine.  Taolus  2 and  3 list  tuo  performance  character- 
istics for  the  idual  ca3o  and  are  descrioed  in  detail  in  Appendix  I. 
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SECTION  IV 

ACTUAL  CYCLE  PERFORMANCE  OF  A SINGLE  TIHE 
4*1  Description  and  Assumptions 

In  the  previous  section  the  performance  analysis  of  a single 
tube  ongino,  with  frictionicss  flow  and  ideal  valve  operation  was 
computed.  Thoso  first  calculations  gave  an  indication  of  tho 
| potontialitio3  of  this  type  of  engine,  but  on  tho  other  hand,  a fair- 
j er  evaluation  of  tho  cycle  could  bo  mado  only  with  more  realistic 
assumptions.  Those  assumptions  aro: 

1.  The  valves  open  or  close  within  a finite  time  - 'CV 

2.  The  friction  coefficient  for  flow  in  the  tube  is  OOE 

3 . Leakage  losses  will  be  neglected. 

lr.  The  duration  of  burning  is  assumed  to  be  0.010  seconds. 

In  these  computations  of  the  performance  of  a single  tube,  a 
definite  ohysical  configuration  is  not  nostulated.  It  is  assumed  that 
! the  engine  consists  only  of  a single  tube  or  duct, with  valves  front 
j and  rear,  that  operate  as  assmod  above. 

; 4.2  Influence  of  the  Opentn-  and  Closing  ActTons  of  the  Valves  on 

She  Duct  Flow 


Tl’o 


or 


’ho 

t1! 


closing  act 

g o r") 


f ■’ 


o .vave 


on  of  the 
wave.  If 
oul 


be  formed 


exhaust  valve  will  produce  t! ie  shock 
t’-'is  valve  could  bo  closed  In  zero 

Immediately.  Per  this  case  see 

_ Figure  31  for  the  time- 
distance  diagram  of  the 
conditions  in  the  tube 
before  and  after  tho 
formation  of  the  wave. 

.’he  valve  closos  at  V*0 
sonding  out  a wave  that 
stops  tho  particles  of 
air  coming  towards  it. 
This  is  tho  ideal  case 
and  was  treated  in  a 
previous  section.  In 
the  actual  case  the  valvel 
will  close  in  a finite 
time  - . Asitis 

closing  it  will  send  out 
a series  of  small  com- 
pression waves  which  wil 
finally  converge  at  a 
point  upstream  from  the 
valve  and  form  a shock 
wave. 
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Tho  distance  required  for  the  formation  of  the  wave  will  bo  a function 
of  Cv  and  the  duct  Mach  number  Mj  or  M,  . There  remains  therefore, 
Kthe  problem  of  finding  tho  maximum  allowable  value  of  to  produce 
a wave  within  a certain  cpocifiod  distance.  It  wa3  decided  that  the 
wove  be  established  within  a foot  of  the  valve  position.  The  exact 
solution  of  this  non-stat * onary  wave  problem  requires  a lengthy  and 
tedious  method  of  trial  and  error  for  each  ~iven  value  of  Md  and  Cy  • 
The  method  is  given  by  '"•uderloy  (Reference  7)  and  others  (Reference 
G and  9),  but  It  was  decided  that  for  these  first  calculations  cer- 
tain simplifying  assumptions  would  be  made  to  reduce  the  work. 

These  assumptions  are: 

(1)  The  valve  will  send  out  signals  (or  compression  waves),  as 
it  is  closing,  at  the  local  snood  of  sound. 

! (2)  The  final  state  2 behind  the  wave  will  be  assumed  to  .;e  the 

| same  as  that  produced  by  the  ideal  shock  wave  mentioned 

abo^e . 

(3)  ~1hG  fi^st  signal  is  sent  out  at  a velocity  of  CL,  , at  the 
time  'C-O  • Tho  last  signal  is  sent  out  at  a velocity  of  ^ 
at  time  C * 'Cv  . Their  path  in  the  (x,t)  diagram  will  be 
assumed  to  bo  straight  linos. 

+ 

, (';.)  The  normal  shoe!:  wave  will  form  at  the  juncture  of  the 

last  the  rirst  signals. 


(3)  !«o  rof looted  waves  due  to  tho  interaction  of  the  signals 

will  bo  assumed  to  travel  back  towards  the  valve. 

In  the  actual  case  the  final  wave  formed  will  ce  slightly  weaker 
than  that  predicted  by  the  ideal  case,  due  to  tho  interaction  of  the 
signals  in  the  formation  of  the  wave.  This  is  small  enough  to  be 
neglected,  at  this  time.  The  time-distance  diagram  of  the  formation 
of  the  nulse  compression  wave  is  given  in  Figure  32.  - 
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The  slope  of  fcho  first  characteristic 

• cLX.j_  . ct,  - U,  _ , yi 

^ ~ d, 

. . .02) 

The  slope  of  the  last  characteristic 
{ X r a >Xa  = 

^ ctct  aL  1 

. . .(33) 

' These  are  ' 

iven  from  the  initial  and  final  conditions  for  the  ideal 

caso.  From  the  diagram,  we  have 

Kow  <J,C,=4,^  + Hi'C), 

| * rc*  - a,-c,  = a,  •£-„  » x.-*~ 

! ; ? x-f 

: X.W  = X,  («,-£» 

1 ‘•■f  ' 

; 1 

i 

„ 'Cy' 

1 _ 1 
~ 

• • • (34) 

1 

1 *• 

> 

-y  - Q. , 'T'  v 

-A-  vv  " — i 

. . .(35) 

1 » 

1 _ _ CLy 

' at 

Table  I4.  gives  the  maxi-nun  closing  tine  required  at  each  value  of 
for  the  wave  to  form  in  the  distance  :<w"  1 foot.  The  results  of  the 
computation  show  that  for  a duct  Mach  number  of  0.6,  the  maximum 
allowable  time  for  closing  is  l.'i+j?  mill i secs. 

The  front  valve  will  have  to  be  closed  before  the  normal  shock 
wave  arrives  at  the  front  end  of  the  tube.  Since  the  air  particles 
are  streaming  past  the  valve  when  it  closes,  an  expansion  wave  will 
be  sent  down  the  tube.  Assume  that  the  valve  closes  in  zero  time. 
Figure  33  gives  the  conditions  on  the  (x,t)  plane  after  the  inlet 
valve  has  closed.  For  an  expansion  wave  (Reference  ij.»  Pa£©  95) 

aL  - tl,  + • • • ( 3 6 ) 

*zrrcM'  > uLso  r=i4o 
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For  the  case  M,  * M#  = 0*6  , R. /p,  =0-41 

'rom  the  Pulse  Compression  Pa  /p  =£.(9 
The  change  from  state  to  © using  equation  (3) 

U,  - U -/P_  - P \ / ^ Q-l2, 


U " ^ / vfrtOPrLv(r-i)PL]Pu 

The  change  from  state  (2)  to " " 


UI  * Ut  * [(-§.)»  - , ] 

[X^'z  CX^  - O and  equating  (30)  and  (39)  ar.d  slmplifyin 
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Solving  by  trial:  since  ^-=0  41  •‘•(^7)  = O-W ( isentropic  reations) 

. *.  */*  =0-995’ 

Using  (39)  and  solving  for  Uy^  = 0*5‘35 


• • • (*+l ) 


: ihon  Pjct/Pj  = 2.  - 1 9 . Ve  see  that  the  strength  of  the  reflected 

'wave  » the  strength  of  the  incident  shock  wave 7 This  could  have  been 
deduced  from  our  assumptions  since  socond  order  effocts  are  neglected 
in  order  to  linearize  the  equations  of  shock  reflection.  Since  our 
, shock  wave  is  relatively  weak,  this  can  be  done  with  little  error. 


Summer i zin r have 


Pi_/P2  =0-4-1 

1 

I pl/Pi-C  933 

Pa/Pi  --  Z.-I9 

We  see  that  the  pressure  in  state (Q  has  dropped  to  a low  level,  but 
that  after  the  passage  of  the  shock  wave  the  Pressure  in  (~)  Is  nearly 
equal  to  the  original  pressure  in  state  0 . Due  to  the  fact  that  the 
parti  clos  in  state  0 are  travelling  towards  the  inlet  valve,  a re- 
flected wave  furthor  increases  the  pressure  up  to  Pjj  which  nearly 
equals  the  rrossure  . The  overall  effect' if  the  cloning  of  the 
front  valve  produces  an  expansion  wave  which  reduces  the  ores sure  and 
temperature  level  In  the  region  of  the  front  valve.  It  is  in  this 
rogioh  that  we  wish  to  initiate  the  detonation.  Since  the  temperature 
is  lowered,  the  possibility  of  forming  a detonation  wave  is  reduced. 


. . AL2) 
. . .(73) 

. . • (44) 


In  tho  actual  case,  the  inlot  valve  will  not  closo  in  zero  time, 
but’  will  require  a time  ^Cy  • As  sumo  that  tho  wave  arrives  at  the 
inlot  just  as  the  valve  has  closed.  "Tie  conditions  are  shown  on  the 
(x,t)  plane  in  Figure  34.  At  the  time  ^ , the  inlet  valve  is  closed 
and  the  tube  contains  the  full  charge  por  cyclo.  The  density  will  not 
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be  uniform  throughout  the  tube  since  from  point  F to  R the  prossure 
will  be  decreased  through  tho  expansion  wavo.  A correction  will  havo 

to  bo  appliod  to  give  the  ran  as  of 
air  per  cycle.  The  pressure  at  R 
(behind  the  incident  wave,  but  irf 
front  of  the  reflected  wave)  will 
correspond  to  that  in  (p  for  the 
previous  case,  or 

\ 

PH-Pe  . . .(45) 


* 

% 


Figure  34 


I The  distance  L|  , from  R to  F is  given  by  the  distance  the  first 

signal  travels  in  the  time  “Cy  . This  is  given  approximately  by 

L,  = 1?v  a,  (n-M.)  . . ,c,j) 

j 

Assuming  = v,  we  can  then  find  the  mass  of  air  in  the  tube.! 

4.3  Frictional  Flow  Losses 

Two  cases  are  investigated  (1)  the  constant  aroa  duct;  (2)  the 
constant  Mach  number  duct. 


4.3.1  Pipe  of  Constant  Aroa  of  Cross-section, 
loss  in  head  due  to  pipe  friction  is  written 

. . c -t-  v,t 

hu  ' T D tf 


In  hydraulics  tho 


. . .(47) 


or  APU  =-f  ^ 

whero  L = longth  of  pipe 

D ■ diameter  of  pipe 


f 

• \ 
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For  mas  flov/3  we  writo  similarly,  whore  APt  • loss  in  total  press  are. 


APl 


r <sCL  Y dm2- 
L *T  -p-  ^ 


. . .(4)) 


A _L  sLP  - $ cCL 

Mt  p ~~D~~ 


.(50) 


£L  . 2-.  /M'  06 p - 2.  / / ^L£-  - xC  T" 

D " Wm,  nFp  “ y/„("fep  ® 


(5D 


A flow  with  friction  nay  be  represented  oy  a Fanno  line  ( P V 
constant)  In  the  enthaloy-entror  y dtayran.  1”:efe  lines  are  tabulated 
by  eenan  and  laye  (see  Reference  5)*  (Note:  Keenan  and  Hay e defines 

! ^ SMC^-  that  4-f Keenan  = **  '1'^r*)  2or  ^hydr . = 0.02  and  various  inlet 
j i’ach  ’lumbers  the  outlet  I'ach  Numbers  and  the  ratio  of  inlet  total  to 
! exit  static  is  plotted  on  Figure  35 • 


i The  curve  shows  that  for  the  hiyh  values  of  Mi  =0.5  the  pressure 

| ratio  required  to  scavenge  the  tube  must  be  Pt u/P,"  * i 38  for  L/d»25 
IThis  value  ,ooes  up  to  2.25  for  the  (L/o)  max  for  M,  = 0.6.  It  is 
!noxt  to  impossible  to  maintain  such  pressure  ratios  for  a tube  in 
i flight  and  therefore  it  was  decided  to  trr  a iuct  with  variable  cross- 


section  or  constant  "ach  Humber. 


j lr . 3 . 2 Pipe  with  Constant  I'ach  Number  of  the  Flow 

■Continuity  QuA  = constant 


"omontun 
Enor^y 
If  U 


a 


L + 


TfJ 


■ constant 
= constant 


.(52) 
.(53) 
. (5’r) 


constant  then  from  the  onor^y  equation 

i ■ constant  ■ CpT 
T ■ constant 

Since  T • constant  U » constant 

From  the  continuity  equation 


.(3>) 


31 -pi 

P \ ~v  P,"  1 P. 

The  total  pressure  variation  is 


since 


P=#CRT  . . .(56) 


=£  i *• 


r-i 


8 constant 


.(57) 
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or 


V x - / A \£ 


5L  = (~) 

? In*/ 


. . - (>c> 


h.  z£  and  taking  the  momentum  equation  and  differontia4 

«-K  »f  -5-  rj:  - pgr- 


$£=RT^=-Rtl^S 

42  s Ijf  ** 

O 4 D Y*yT 


. . .(59) 
. . .(60) 

. . .(61) 


Pr 


^ >! 

A = 

Y -p  JC 

c,  - 

+ 0, 

a:. 

* (—) 

. . 

R, 

* 1 

.(62) 


.re  will  ce  an  optimum  for  each 
i L/D  ratio,  "^hls  is  due  to  the  fact  that  the  amount  of  pulse  com- 
pression will  increase  with  while  the  frictional  losses  in  the 

| duct  will  also  increase  with  • Tho  ratio  of  final  static  pressure 

j f\/4  over  the  inlet  total  treasure  P-t. , for  various  L/D  ratios  is 
j plotted  apainst  Md  in  FI  pur©  36.  Similarly,  the  ratio  of  final 
I static  pressure  to  inlet  static  pressure  Po  is  shown  in  Figures  37, 
j 30  and  39,  for  flight  Mach  Numbors  Mo"  0.25,  0.>0  and  0.75  respective' 
ly. 


Mote  that  for  L/D 


-0, 


*/R 


has  the  maximum  value  at  about 


a 0.52  and  thus,  if  tho  free  stream  velocity  Is  less  than  0,52  it 
does  not  pay  to  expand  tho  flow  above  = 0.52.  The  same  thing  is 
true  if  the  free  stream  volocity  is  above  0.52. 

It  should  be  noted  that  the  shock  compression  has  the  same 
pressure  ratio  regardless  of  its  position  in  the  tube,  but  since  the 
initial  pressure  is  different  from  front  to  rear,  the  absolute 
pressure  In  the  tube  after  shock  compression  is  not  constant  but 
varies  from  front  to  rear,  that  Is  ^ > p£°  . This  greater  pressure! 

in  front  of  the  tube  is  helpful  during  the  expulsion  phase  in  building 
up  a flow  towards  the  exit  and  helping  overcome  the  exit  flow  losses. 

If  the  area  of  the  duct  to  the  exhaust  nozzle  is  adjusted  to  the 
correct  ratio  then  this  pressure  difference  will  give  Md  " 0.52, 
and  assist  in  exhausting  the  tube. 

I*here  is  a further  loss  due  to  the  flow  through  the  inlet  valves. 
One  type  of  inlet  valve  which  has  been  explored  consists  of  long  slots 
around  the  circumference  of  the  tube.  The  air  will  flow  through  the 
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slots  at  an  oblique  an^le  and  tho  area  of  opening  will  be  such  that 
the  normal  component  of  Mach  Number  ■ 0.2.  Assumin'  the  slots  are 
0.5”  wide#  spaced  at  Intervals  of  0.60”  (see  sketch  on  this  paye)  the 
pressure  loss  is  competed  from  tho  103S  upon  sudden  enlargement . 

Loss  In  head 

if™  g- 


! ? 

AJA 


. . .(63) 


h 


^/ZA^a 


AP  ■ tyhu*0'5S  ^ 


££  * o ss  * -OSes  m£ 


Ay- no- 


1 


.(4) 

.(65) 


Configuration  0f  Slots 


Mx  *■<?•  a 

0 -0  1 54- 


.(66) 


For 

APt. 

p*.  I 

64  Performance  Computations  of  an  Actual  Cycle 

■ Before  the  performance  analysis  of  an  actual  cycle  is  carried  out . 

; it  is  necessary  to  doflnc  the  following  concepts:  (1)  Effective  exit- 

I velocity  (2)  Actual  mass  flow  per  cycle.  I 


■I-4.1  Effective  Exit  Velocity.  The  impulse  due  to  the  lischarye 


of  a jot  with  varying  exit  velocity  u*# 


/5 

I - Jp  u^tC^n 


. . .(67) 


Define  an  effective  oxit  velocity  such  that 


Ut  ^ 


/m 


Tot 


sm 


Tot 


ut  = I 


or  JJ&.  s yJL.  -7— 

ctg  Py  a,  Vol. 


. . .(68) 
. . . 1 09 ) 


This  is  obtained  from  Fipure  9 and  i3  ^lotted  on  Figure  q.0.  Therefore, 
the  avorape  thrust  per  cycle  is 


F - -u.J 


. . .(70) 


whore  s pounds  of  air  por  soc. 


ftrowHV  W^matiok 
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- flight  velocity 
air  specific  Ixsp^Lnm  is  pi  von  by 


MK.  fQ 


Q- &»r u* 

ft  La, 


- M, 


lr.^.2  l.'etpht  Flow  p'r  Cycle.  The  weight  flow  per*  cycle 
.v  .ere  (*cpc  -s  tho  average  densitr  In  the  tube  at  the  instant 
valves  o.-t-  closed.  In  order  to  calculate  this  densitr  take  to 
dltions  a‘-  the  instant  the  front  valve  has  closed.  The  densit 
vary  from  p " at  the  rear  to  (3  a*-  ‘•he  Inlet. 


* Ccyc  * V 

the 

9 con- 
7 Will 


A*G. 


&jt£" 

2 


.(72) 


On  top  of  this  there  is  a further  reduction  the  density  at 
tho  front  end  due  to  *-  *-o  expansion  rent  out  bv  the  * r.lot  valve. 

Ac  suae  the  density  varies  linearly  from  Q to  (■ > at  the  valve  over 
lenrth  of  L<  (fee  cquat'on  ^.6)  . 

The  mass  in  the  tube  is  ’ 1 von  by 


it=  L,  o + 


This  reduces  to 


-vC- 

ro:'a~e  -onr  ' tv  tr  t .en  -ivon  by 


(°cyc  = (a  *&  [" 1 


- ftcQ  a, 


where  L,  is  pi  von  by  equation  (46). 


r 


. . .(73) 


. . .(74) 


. . .(75) 


The  cycle  Is  -nude  up  of  four  phases--  scavonrinp,  pulse  com- 
press’on,  burning  and  exhausting.  Tne  time  required  for  scavenvinp 
and  pulse  compression  depends  on  the  lenpth  of  the  duct  and  the  *'ach 
Number  and  temperature  of  the  flow  In  the  duct. 


't'c  /2T  _J IT.  • • -(77) 

M . 4.  <& 

where  T (Mj)  and  is  rivon  In  Fipure  2. 

Equations  (76)  and  (77)  are  plotted  on  Figure  lj.1.  For  no 
diffusion  in  tho  duct  *r  /-r*  */  -he  dura t* on  of  tho  exhaust  phase  is 
piven  in  Figure  4.  ' '• 
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Mo  s flight  velocity 
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_ __F , czu.r  oV 

dr  L'a; 


71) 


tj.,4.2  .Velpht  Plow  rvr  Cycle.  The  weipht  flow  per  cycle  * Ccyc  ‘V 
where  (^cyc  is  the  average  densitr  In  the  tube  at  the  instant  the 
valves  a.-e  closed.  In  order  to  calculate  tv Is  density  take  the  con- 
ditions a"  the  Instant  the  front  valve  has  closed.  The  density  will 

ri 


vary  from  at  the  rear  to  a*-  vhe  inlet. 

P. ...  * Ql  + Pl" 


AV  G 


.(72) 


On  top  of  this  there  is  a further  reduction  the  density  at 
the  front  end  duo  to  1 no  expansion  cent  out  by  the  inlet  valve. 
Assume  the  density  varies  linearly  from  Q to  at  the  valve  over 
lonrth  of  L»  (fee  equat'on  !+o) . 

The  mass  in  the  tube  is  -’von  by 


/m=  fsUdL  L,  o + o 


. ■ .(73) 


i This  reduces  to 


rora~e 


/YY)  ~ j I 

‘ont-'t-.-  is  t.en  plvon  by 


.(74) 


p = (> 
1 eye  ' ' 


*✓6 


. (75) 


where  L,  is  piven  by  equation  (q.6) 


The  cycle  is  made  up  of  four  phases--  scavonrinp,  pulse  com- 
pression, burning  and  exhau3tlnp.  The  time  required  for  scavenrinp 
and  pulse  compress* on  depends  on  the  lenpth  of  the  duct  and  the  i’ach 
Number  and  temperature  of  the  flow  in  the  duct. 


L 1 <Z1L  f 77 


L / ~ M„a. tLi  T, 

where  M*z  T (Mj)  and  is  riven  in  Nlpure  2. 


.(76) 

.(77) 


Equations  (76)  and  (77)  are  plotted  on  Pipure  !fl.  Por  no 
diffusion  in  tho  duct  *r  /— « Bi  The  durafon  of  tho  exhaust  phase  is 
piven  in  ripure  'j..  ' '« 
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Vhc  duration  of  rurninp  .;t\&  tahou  ur  a constant  value  for  all 
cases.  X'b  = 0.010  sees. 


he  fuel -air  rat!  o ir.  obtained  from  Pifure  !l2.  TV. ere  curves  are 

_ _ _ . . ‘‘  . . , • I / 


obtained  fr0.;  the  f ol  lowi  n~  equations.  The  enthalpy  rlr.e  }?•  -/}9 

. . rt  ‘"i  ...  #j.«  i jp  _ i Cm 


• iuc  to  -'fit;  irirnln:*  of  a fuel  wit!*:  air  i r.  -Ivon  'ey 


^U/3. 


L-^t 


iOO*R  1 ^ ^f&oo«R 


- (7r) 


1 

wacre  — air-fuel  ratio 


*4 


^4«*'RS  lie. atltv*  value  of  fuel  = If, 500  por  lb. 
112  * average  value  of  h t l4S<>i*  7So‘fO  *U  pcr  1j 

«O0»* 


- 11 a f?U  por  lb. 

<is  cur* ve  is  -lotted  on.  the  riK.t  hand,  aide  of  " l.yure  i,.2.  the  curves 


on  t,i  io  l,  ft  hand  a*.  ’ o of  . Wurc  ;r2  arc  obtained  by  'ntor^lcfnn  tho 


tables  from  hconan  and  hayc.  ('cfcrcnco  >) 

he  r 'oo  ” , ' * c fuel  conmnnt  ‘ on  Is  yivon  by  the  followin'*  equat  ’ or. 


I 


— rs.  = 3<o00  <- 

j/©  Sa* 


. . .(7:) 


The  thrust  coefficient  is  ~iven  by 


Cr  1 — 4- 


8* 


an  i Ts  based  on  co  ".bus  t ’ on  tune  area. 

The  character*  ot  * c r.arr  flow  for  a single  tuoe  h -Iven  bv 
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xfl l 

s JF  I V 


A S 


J**C? 

Sfe. 


Of 


M . ,..3  i-erf nrmneo 


£1*6 

or.nutat  ions . 


.(°1) 


he  "orf^Marco  characteri  sti  cs 

a sin~lo  tubo  operating  under  the  ar sumptions  ar  described  in  Part 
1;..!  of  th.ls  Coction  are  'riven  in  riyirrs  r3  to  t'7.  Tie  thrust  per 
r, 


square  loo 


frontal  area  (or1  combustion  tube  area),  the  spocific 


fuel  consumpt'on,  t’.io  air  specific  impulse,  the  thrust  coefficient 
(based  on  the  combust*  on  tube  areas)  an  I the  characteristic  mass  flo]iv 
(based  on  the  combust 'on  tube  areas  are  plotted  a;a'n:.t  Vex  or  ariigOTM 


ratios)  for  various  duct  diameters,  d ree  fli  *ht  **ach  numbers  M0 


are  used  - 0.23),  ~ • 5 0 and  0.711;  two  /ulues  of  duct  "ach  nu-.aer  - O.4O 
and  O.uD;  two  values  of  the  max  lorn  cvcle  te  verature  - 2960°R  and 
19o03ft  are  used;  and  three  duct  diameters  - 12  inches,  6 inches,  and 
Ij.  ’ nches.  It  is  assumed  that  di  ff^s  ’ on  from  M*  to  M,  has  an  efficien- 
cy of  100,7.  Annendix  TI  vivos  a -escr’  ption  of  the  method  of  computin' 
the  performance  for  this  case. 
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It  can  be  deduced  from  these  performance  curves  that  an  optimi- 
zation analysis  can  be  made  to  determine  the  best  tube  length.  If  the 
ratio  of  the  v/elght  of  the  engine  to  the  total  thrust  is  the  important 
paraaoter,  then  so  can  see  that  by  reducing  the  length  of  the  tube^ 
from  the  hi -her  £f  ratios  v/e  can  reach  an  optinum  length  where 
is  a minimum.  This  optimum  length  docs  not  necessarily  ~ive  rirus 
the  groatest  thrust  per  square  foot  of  frontal  area,  nor  does  It  Mve 
the  toast  snccific  fuel  consumption.  A careful  design  analysis  w4ll 
have  to  bo  carried  out  to  determine  the  optimum  engine  configuration 
for  a specific  application. 


i 


01 


AEROPHYSICS  DEVELOPMENT  CORPORATION  2000-1-31 


PACIFIC  PALISADES,  CALIFORNIA 


Jan  2!l  1953 


SECTION  V 

■ PREM’.'TNAHY  ANALYSIS  OF  A 36"  DIAMETER  ENOTNE  CO !!? T TJRA n ION 

5.1  Application  of  the  Engine 

The  application  of  the  engine  will  determine  its  actual  form  and 
performance.  It  is  felt  that  the  amlicat ! ons  of  this  engine  will  be 
many  and  varied.  In  order  to  simplify  the  preliminary  performance 
estimation,  a specific  typo  was  considered.  This  permitted  an 
1 analysis  of  the  valve  configuration,  the  valve  characteristics,  and  , 

| the  actual  effect  of  the  valve  on  the  performance.  J 

Promisin'*  applications  of  this  engine  appear  to  be  as  follows: 

(1)  Power  Pack 

(2)  Prided  "issilo  Power  Plant  with  Static  'TVr.rus$ 

: (a)  Subsonic  "ll-ht 

(b)  Supersonic  flight 

! (3)  Aircraft  Powerplant 

(a)  Subsonic  P1  ight 

(b)  Supersonic  Fli-ht  j 

(4)  helicopter  Propulsion 

i (5)  Combustion  Chamber  or  Afterburner  for  a Turbo-Jet 

1 

\ 

. (6)  burner  for  a Ram- Jet 

! (7)  Stationary  Eng-’ no  as  an  Auxiliary  Power  Plant  or  heat-  1 

inc  unit 

It  was  decided,  to  make  a preliminary  dosign  analysis  of  an  encino 
capablo  of  proponin';  a missile  or  aircraft  from  zero  flight  speod  to 
a cruisin'*  ”ach  Numbc of  2.?0.  The  choico  of  those  flight  speeds 
does  not  preclude  that  these  are  the  1*  mtts,  Luit  only  sots  down  a 
definite  ampli  ation,  the  c-nfigurat’  on  will  have  to  bo  modiflod  to 
suit  the  requirements. 

5.2  Preliminary  Design  Layouts 

The  nechar.ical  design  layouts  of  u t vpical  engine  embodying  the 
pulse  detonation  cycle  had  to  bo  considered  in  order  to  determine  if 
there  were  say  obvious  mechanical  problems  that  could  not  be  solved. 

The  mechanical  design  was  not  considered  in  detail,  but  only  generally. 
?hi3  was  also  nocossary  so  that  more  realistic  valve  characteristics 
could  be  determined  and  their  effect  on  the  cycle  could  be  calculated. 
The  nechanical  grouping  of  the  tubes  was  also  a factor  affecting  the 
(efficiency  of  the  discharge  anu  scavenging  phases.  As  is  shown  in  a 
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later  section,  those  preliminary  design  considerations  have  indicated 
that  the  heat  transfer  problem  in  the  cooliny  of  the  tubes  and  the 
whole  en*!ne  Is  a major  oo.o  for  an  engine  of  Myh  specific  thrust, 
and  that  the  no s t rroutslnr;  solution  Is  to  construct  the  tubes  from 
ceramic  materials  or  coated  graphite. 

Consideration  the  orel  * mlnarv  des’yn  layouts  went  aloor*  band- 
* n-hand  * l tn  the  orel ! mi --ar./  performance  calculating.  Vany  designs 
| were  considered  ir  the  valves,  includin'*  flan,  butterfly,  vonotlan 
' blind,  sleeve,  rotat'n^  drum  and  rotat’ny  olate  tvpes.  At  first  it 
was  decided  that  each  Individual  tube  be  used  to  nower  a hcl ' co  ter 
rotor,  but  when  a cortaln  apolicat ’ on  requires  a number  of  tubes  to  be 
nested  in  a .-roup,  the  mechanism  of  oreratlny  and  timing  each  s 5 n.yle 
valve  bee  mec  too  cumbersome  and  complicated. 

It  has  been  noted  *n  a previous  discussion  that  short  closing  anc 
! opening  times  are  -laudatory  for  efficient  operafnn  and  therefore 
| vibratory  motions  v:cre  considered  for  the  valves.  On  the  other  hand, 
j the  larye  accelerations  required  for  openin':  and  clos'ny  necessitated 
' the  use  of  very  heavy  and  cumbersome  springs.  The  continuously  rotat* 
j iny  3leovo-t*'-pe  valve  on  a sln.qle  tube  with  inlet  and  discharye  open- 
j 1 r.ys  arranged  ‘n  slots  on  the  tube  wall,  required  hi.yh  rotational 
: speeds  and  •resented  too  larye  a bearlny  surface. 


The  drum  typo  valve  wit''  the  tubes  arranged  around  its  periphery 
and  dischargin'*  through  slots  perpend! cular  to  the  tube  axes  showed 
the  most  promise.  Phis  c^nf i yurat 1 on  was  soon  discarded  due  to  its 
inherent  disadvantage  of  I’-vt’r-  the  arrangement  *>f  the  tubes  to  one 


row . 


rat  o O; 


total  cross  s ~ ct ! - nal 


maxi  ium  frontal  area  of  the  engine  was  too  small  (i.e.  2o,">)  . 


?his  led  to  a sc-conl  design  configuration  (Seo  Pi-uros  po  and  5 
the  air  flowed  slraiyht  throuyn  the  tubes  and  each  valve  took 
the  form  of  a rotatin;  disc  with  cutouts.  With  this  arranye ment , u^ 
to  jO,'  of  the  maximum  cross  sectional  area  of  the  enyine  could  be 
utilized  as  combustion  chamber  area. 


v/.ioro 


Due  to  contrifuyal  considerations  the  maximum  e*,;  apt  e a.  ox  ia« 
rotating  valves  was  limited  to  750  ft-scc.  The  cutouts  in  the  valv< 
wore  arranged  so  that  diametrically  opposite  tubes  were  dlscharyiny 
the  same  time,  producin'  a force  balance  about  the  center  line  of  t: 


th.c  valves 


the  same  time,  producin' 
enyine 

lenyth  of  the  tia»<-s  required  then  is 
tubes  were  kept  as  n-iall  as  peas’ ble 
times  as  short  as  r^scible. 


10 

Th, 


valve  (each  tube 


1 ^ches  • 

f''e  diame 

ters  of  the 

r\  ^ H >**  ¥ , 

f>  1 7 0 0 *9  ;7  o 

cut-off 

P 7*  of  f*  0 r*  ,fr*.  1 70 

. » r ^ ^ ft 
'A  i \*  • 

'n' • e Jurat’ 

n of  a 

at-’ on  t 

u-'or.  ”or 

a tv/n- circle 

■ cles  twice  "or  ouch  vah,n  rov'd  ut ’ ~n)  and  a -i'.*en 
tub (5  lenyth,  the  ancle  rubten  led  by  -ach  t”bo  dot^rninog  the  time 
required  for  the  tube  to  onen  and  to  close.  "he  ratio  of  the  time  th< 
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tubo  is  opening  and  closing  to  the  time  the  tube  is  fully  opened 
determines  the  percentage  of  air  that  actually  flows  into  the  tube. 

Preliminary  heat  transfer  calculat ' ons*. show  that  approximately 
oi.yht  times  the  surface  area  of  the  tube  is  required  for  fins  on  the 
outs  Ido  of  each  tube  to  cool  the  wall  to  1500°  P when  the  maximum 
cycle  temperature  is  3500°  p.  This  leads  to  a very  heavy  construct/  on 
for  each  tube,  and  it  also  necessitates  mov^~  the  tubes  farther 
apart,  ylv’ny  a Poorer  nesting  arrangement.  Liquid  cool’n"-  required 
a very  larro  radiator  and  a larye  mass  flow  of  liquid.  It  was  decided^ 
therefore,  to  consider  ceramic  materials  for  the  tubes,  such  as 
stabilized  zirconium  oxide  or  yraphitar.  Sect  * o:\VIII  gives  a complete 
discussion  on  the  cooliny  problem.  The  allowable  maximum  pressure 
level  in  the  tubes,  based  on  the  stress  considerations,  will  determine 
lach  ’briber  for  each  altitude. 


the  max I mu  i 


The 


m.ust  be  he 
combust  i on 
The  fuel  v; 
where  it  v: 
rear  of,  t’ 


elves,  on  the  other  hand,  must  bo  cooled  and, 
ated  in  ordor  for  it  to  vanorizo  on  injection 
tubes,  coolinc  by  moans  of  tho  fuel  is  usod 


ill 

’ll 


be  brought  into  a header  at  the  front 


of 


since  the  fuel 
into  the 
on  tho  valves, 
tho  engine, 


be  allowod  to  flow  spirally  around,  and  towards  the 


onylne, 

.leans 


of 


It  t’.ion  will  be  ducted  through  struts  to  the 
a rotatin.y  soal,  then  into  the  roar  valve. 


axial  shaf 

It  will  then  .low  forward  throuyh  the  shaft  into  the  front  valve 
and  t en  t 
be  such  th 
mass  a *0 . 


fuel  ,/ll 
s'1. ows  a eu 


0 

at  t’nc 
As  soon  as 

1 nt''  t .e  a 
procaoly  oe  no 

t-away  drawl n- 


the  fuel  nozzles.  The  pressure  in  the  fuel  system  will 
uel  will  remain  In  the  liquid  form  throughout  its 
the  pressure  of  the  fuel  is  reduced  •i:mn  its 
v stroan,  th.e  f".ol  will  valorize.  Valorized 
essary  to  supnort  detonation.  Fiyure  59 
of  a practical  conlM rurat* on . 


Tile  source  °f  ->ower  with  which  the  valves  are  to  be  driven  has 
not  iron  iof’nltelT  decided  upon.  The  following  methods  have  been 
cor.sl  ioroi: 


1. 


0 

J • 


4' 


Turbine  driven  by  some  of  tho  exhaust  yases. 

?upb?ne  driven  by  the  inlet  air. 

Auxiliary  turbine  driven  by  a yas  generator. 

Au::iliary  poworplant  either  internal  combust ’on  or 
electrical. 


The  method  finally  selected  v; 111  bo  deter  lined  --art  i ally  by  the 
system  used  to  yovorn  the  speed  of  valves.  Tiyuro  59  shows  a turbine 
driven  by  tho  inlot  air.  It  will  be  necessary  to  control  the  valve 
speed  reasonably  accurately.  The  calculat’ ons  so  far  have  indicated 
that  the  valve  speed  is  a function  of  the  square  root  of  the  inlet 
total  temperature.  r 

Tie  solid  port ’on  of  the  exhaust  valve  is  hollowed  out  to  permit 
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the  feed-back  of  the  hiyh  pressure  and  temperature  yases.  fhe  duct  in 
tho  exhaust  valve  is  positioned  such  that  it  inter-connects  the  tubes 
which  are  at  a hiyh  pressure  to  the  tubes  that  are  ready  to  be  i£- 
nitod.  In  this  way,  a very  strony  shock  wave  is  forced  and  uropo- 
pated  through  tho  fuel-air  Mixture.  Spot  calculations  s’^v;  t^at  a 
pressure  ratio  of  nb^ut  lq  to  5 can  be  obtained  across  the  shock  wave 
with  this  cross-feed. 

Figures  50  and  59  shows  an  artist's  concent  ion  of  the  orpine. 

With  this  postulated  conf  if-uraf  on  a performance  analysis  of  this 
eny'ne  can  now  be  carried  out.  This  3'-’"  diameter  engine  or  a "ujm.ber 
of  these  engines  c. *• be  used  to  power  a missile  or  aircraft.  An 
anal  vs  l s of  sue'-'  a s vs  tern  is  carried  out  in  a later  sect1  on. 


.... . 3 Jycle  of  Operation 

?he  basic  cycle  lias  been  described  in  a previous 
actual  cycle  of  operation  is  only  si  i fitly  nodif  ie  1 h 


loot 'on.  "he 
s to  finite 


t-off  times.  Fi -ore  jO  s'wh/s  the  wave  diagram  on  1:  time-distance 
plot.  Fhe  pressure  in  th.e  tube  is  allowed  to  drop  uriny  the  dis- 
charge phase  to  -•!.  orodot ermine  i value,  loss  than  the  inlet  festal 
pro  score,  "tn  the  hnlet  vr.l**o  opens  (start  of  rcavor.pl’' a 
press  ion  ..avc  ie  formed  which  travels  down  the  tube  r.ccolerat  hip  the 
burnt  ;asos  to  the  required  hach  dumber.  rihc  fres’u  fuel-air  mixture 
is  admitted  at  the  front  end,  while  the  r-urnt  mixture  Is  ejected 
axially  out  the  back. 


1 1 


’ i r < 
’ <’  n \ *■ 


1 1 ' 


tivin-  a stron' 


•eck 


present  makes  this  t-rne 
descr j bod  rev ‘ ouslv. 


o. 


c /cle  preferable  ^vor  the  basic  ^ ml,® 


i . I-  ITon-stn  t * onary  Flow  Procosses 


Invoctiyat ion  of  tho  non- s tat l unary  flow  rocosses  was  necessary 
in  order  to  determine  the  actual  durafon  of  a c-cle  ani  the  effect  ol 
tho  valves  tho  mass  flow  nor  cycle,  and  the  maximum  pressure  f^r 

the  cycle. 


Up  •;  • 0 1 .V?  r ' [ : 

00  use  1 t 1 ".life  or  ictonate  V e f ••■el  air  mlxt"r°.  Actual!",  t is 
wave  is  relatively  weak  (pressure  ratio  a»2.h)  and  therefore  a’-  ^a? * I** 
dotonable  fuel  will  have  to  be  in  looted  into  the  "’r-nt  end  of  t e 
tubes  wMle  tho  remainder  will  contain  the  re -ml nr  fuel.  An  alternate 
method  of  detonatin’*  the  fuel  was  studied.  "<r 
the  b 1-1 1 h i ~h  pressure  "ases  from  n tube  that  h 
and  ducts  them  back  through  the  exhaust  valve 
read"  to  be  ’’Ired.  This  produces  p.  very  atron" 

2$  4 or  z>)  and  also  produces  n much  ''1  »her  maxi  -.nr.  c* 

However,  t'Ms  full  nren euro  is  not  real  ’ zed  f* 
thrust  phase,  s:nce  the  -ases  are  fed  rack  to 
"ho  first  ni'oi  ‘ M 0 - r*y  calculat'ons  «'-owf»d  tha1 
changed  from  the  v>eic  cycle  and  ''he  specific 
slightly  increased,  but  the  ad  van  t. a *»  .-*a>ool 
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5,4.1  Discharge  Phase.  The  duration  of  discharge  was  computed 
1 n a previous  section  us^n-  steady  flow  principles.  The  durat'on  is 
-’von  'n  fiyure  i|.  As  was  previously  mentioned,  as  the  tube  is  dis- 
charging, the  pressuro  Is  allov/ed  to  drop  to  a "certain  value  before 
the  inlet  valve  is  opened.  ,nhe  durat’on  of  the  discharge  Phase  can 
also  be  computed  from  r.on-stat ionary  flow  principles.  It  v/as  decided 
to  make  this  analysis  in  order  to  compare  the  two  results.  In  order 
to  simplify  the  computations  it  was  assumed  that  the  exhaust  valve 
opens  instantaneously.  The  procedure  follov/od  for  the  calculations 
: was  that  yiven  by  ludorloy  in  Reference  7.  Tho  analysis  v/as  carried 
out  under  the  following  assumptions. 


The  exhaust  valve 
Ono-dimens  ional  f! 


onenod 


itly. 


considered  only  (i.o.  constant 


area  duct  foro  and  aft  of  the  oxhaust  valve). 


Alony  the  Cr  characteristics 

ojy-  _ _ul 

etas'll  a2 


. . .02) 


A-/-A  -i)  + a , v . 

-I  ^ <^3  ■/  + aT-  A ~ 


y-i  ^ V ' 

c arac 1 er  * cf^i  cs 

aLx-  _ _ CL 

ctCLz'C.  <2j  ^5 


const. 


. . .03) 


. . .('%) 


. . .(£5) 


'y^'CON3T-  •••(£«  1 

whore  a 8 velocity  of  sound 
u = particle  velocity 

1 

and  the  c nht'ons  in  state  (3)  are  those  exist ' n~  in  the  tube  just 
before  the  exhaust  valve  is  opened. 

"y  tho  use  of  tho  above  oquat:  ons,  tiio  values  for  ^ and  can  1 

be  found  for  each  point  on  the  characteristic  net. 

The  inlet  valve  (which  is  closed)  Is  located  at  position  A;  the 
oxhaust  valve  (which  is  ooened)  is  locamod  at  uos  tion  . (3eo 
Figure  ul).  AT  or.q  the  inlet  valve  the  C " c iaracterlsti.es  are  re- 
flected and  they  become  the  C characteristics  and  therefore 
at  tho  inlet  ”alve.  for  any  state  durtny  tho  lischar.ye  phase,  solving 
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Jan  2li  195 


. . .(°u) 

. . . ( p7) 

. . .{'■) 


i point  oi'  reflect- 
’.stic  not  is 


'or  1 /on  C'i'u-'f.ons  In  the  combust ' -an  chamber  just  prior  to  the 
; U:.c'  aa  a;  ’rise  and  for  a "Ivor,  final  pressure  in  the  combust  * on 
, chamber,  T-o  t ' no  roq"treJ  for  discharge  Jov/n  to  t :ic  -’rossoro  can  be 
| fo-T.  d fr- ’1  -uro  j1  and  "able  11.  The  distance  A * s scaled  off  to 
| equal  • 'no  1.  — th  *•  he  co--...,  \sf  on  tu  ';c • ’"shop  the  same  scale,  the 

a • ce  ‘h*  •• ‘ :,o  -r  • **n  to  t -c  correct  Index  mint  measured  along  the 
tine  axle  is  Pound.  " Is  number  to  then  divided  by  (usin'-  cons l s- 

t out  units)  *ivc  the  t ’ no  required  for  the  pressure  to  drop  from 


tout  units)  -!vc  the  t ’ no  required  for  the  pressure  to  drop  from 
?->  to  T*  at  the  * nlet  valve.  ,vn  e d :rat‘m  of  f- e d t-’c'^mm  ’■  o m In 
’ • .r.v'n  >r  J- - * V : * 1 ’ ^ ‘ f o t ‘ me  o-  uted  ■-  st«adv  f 1 or/ 


— deal  case  f-r  "n  = 2.00,  T3  = 390O0  Id.  and  a3  = 2955  ft/sec. 

p/pj  * • ;V!<  o 


* 1 . jti 


7 

steady)  = 0.  "H.5?  ?ecs. 
/Cg(^''--3 tat.)  = 0.00156  sees. 


v • i s eo  -oar Ison  ■>.-  - o that  t'*e  steady  .‘1  0 ■ consider'd''  are 
■■’P  f * c ’ notl  r o.ccu  or  ' e " * r f he  c'-alys's  carr'  ed  out  To  t’d  s •,0’,-rt. 


’■'<••  rossu.’e  ■.  t ,e  ,,ri  o-*  0 e d'rc  :.a r-e  - base  .7 'll  e 'determined 
by  ‘he  '■*  ' : voPoc’t'  required  : or  scavengin  > Tt  11  e assumed  that 

t o "'I’t  valve  -'■‘C"r.  Instantane-usly.  "he  ressure  ratio  across  the 
’nlet  • 1 fo  .v'll  0 2 :c  • t at  v; ..on  he  ‘•let  valve  evens  a rave  con- 
f i -’’.rat ' on  Is  for  x d vf  lob  accelerates  t'e  •:ev;  fuel-air  mixture  to 
1 s "he  ••c-rure  ’n  frr  't  of  the  *alvc  la  the  total  -rorouro 

of  .0  bnlot  air.  ( ) . ’he  ..r.vc  cor.f  1 purr,  "ion  formed  by  the  opening 

of  the  inlet  val  r-o  is  s 'uvr;  on  figure  o2.  The  valve  Is  located  at 
,-o*r t A.  The  valve  0 e to  at  ^ ■ 0.  rv:e  topical  ca  :e  is  s ;own  for 
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5. ',..2.  eve  dla<:ra-!i  for  a full  cycle.  The  -ion-stab  ‘ onary  wave 
diagrams  were  drawn  by  e3lnc  the  assume! ! ori  of  linear  variations  as 
tho'  valves  opened.  'fie  accelera  t ’ on  of  tl,c  ’ -teri'ace  t-e  tween  the 
burnt  and  .new  fixtures  were  assumed  to  ta!;e  :>laoe  throu  *h  a corj- 
.pross’on  .vavo  havTn  - a rcs«!:rc  rati  o of  1..’0.  7 ' c iitre-mt'-1  of  .v-’v  o 

,v  a 3 chosen  since  it  "reduces  a flow  *"ach  fo-rher  ‘ o the  tube  of  0.5 
(Soo  nre/'ous  para-ra^h  and  equat  * on  ~)0)  . ’the  co  Tiresr ' on  wave  was 
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shock  wu-re 
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1 valve  is 
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ed  * n th 

e sane  wav. 

for  t 

-•esc  cow 'u 

tatl  ons 

and  fo 

tubes  of 

If  I 

n 0 

ics  ! " 1 

anyth,  t’ie 

t • r.o  f 0 

r constant 

■ ■ 0 1 u "in 

ourn  1 n 

was  ass  'Tied  to  e 0.  Y'lp  secs.,  iht’  7 s 2.  0.  amr  of  the  of 

fli*ht  ' 'ach  humors  C-h),  the  rotational  snoei  of  t ’ so  valve  was 


all ere 


) t- 


• ft  r»- *•  r» 


c^rd*  ' to  the  value  c"'"r'-’ted  fror.  tho  seuve-  -if 


! an.l  !:hc  ■ •ilso  cori  ':'osri  ’ 'hnnor  oi*  c roloc*  y 'islrin  - t'io  n^ontp' 
np  i cl?  sin"'  t * n of  ■’■/he  vnl/oc  cni'-.c  ! .lc  v:  * t" : V.o  ‘i  ex*  ’ v n.1  f t;v;  ?/  -"v  *; 


lose 


' M S T • tf ' O • „ V ;■* Cl  t * 0 H 9 1*  t 1 1C:  t r:  t CX  * 


>1 


v/n.n  n.jta  • ncJ  . 


auto  lat  1 call  .*  inter  l.nt.d  ‘Ce  and  Og  , a d it  «u<-  fo-rui  that  the  latter 
very  n uriy  coin  ■'hied  v;!  1 1 the  t'  core,  ti  mil  c~'-r  "ted  i Tat  * on  *'f  the 
••has  or . 'h<  ■.  - t-a.l  trio  rr'ailabl-.  for  ..i  cc''ar~o  as  a few  -ore  out 

lm  than  that  iocor ’h  vd  ihcoro  t l.nal  cnlo'-u  at  I n~ , fine'-  Is 
w-ui  I .inter  nine  the  f * r.al  •>ror.:-**ro  hi  f*r.  tu  c after  fitob  e,  and 
si. ico  it  I;. ant  Via’-  this  ".vcr'ii'o  v/ as  low  or  than  that  required  in  the 
tube  V i!  tie  to  scuv ' min -,  I t ./as  felt  h at  Vila  . -uld  *t  be  n t’i- 

montal  i t'r  c cle  of  o*<  .■■at  * ">n.  At  the  mao  f"  *e . ‘-Ms  r ‘ 

’•••  "V  f ,'rr  ■ ’ •!  • io  a ’/'h  1 

morse,  ear!-;,  v;  1 z "*  e ualvo  s oo  i,  -’t,  ‘ ce  t 

for  cumin*  was  o>  ly  an  assuupt ' on,  it  '/.as  :elf  t 


. L O 

urn  in  ■,  u 
oe  roe".  Ired 

the  var'a'Vo 


with  Each  ’’umner  could  be  tolerated.  ^ .o  ref  ore,  the  •hvsic.hl  val  >re 
conf  * purat T on  regained  the  "ar.e,  i?  ’Tic  on1  **  tho  val  s/eed  varied 
in  accop ia<-co  to  the  tine  of  arrival  of  tho  ‘V'erface  of  V'e  new 
■'.ixt'ire  t o the  exhaust  valve  ami  tie  ulse  c^-rrcs' " or.  ivavo.  {fee 
” "res  eO,  53,  oq.  ard  w3).  S*nce  there  wave  s -cods  depend 


velocity  oj 


end  of  the  inc->nin-  air,  hiti"  the  rotat ? mal  speed  of 


the  val  tq  deo-onds  only  ~n  the  squure  r-'et  of 
turc.  RPT.T  = const  ■ fhT 


holc-t  total  ten 


ie  wave  uLayrans  s ’ m/n  ->n 


o?  . 


fires  oO,  ^3 , df  and  of  were  c 


O’T- 


outei  fro  i the  co^J 5 1*  oo9  of  t'">e  * nee  i*  r * a t r and  V 


i ^ 4*  1 1 


o e Ion 


us  in;  the  act  o.l  doscrleed  above.  'i-ure  jo  3 o;vs  the  valve  tl'in” 
dia~raiis  which  -ive  the  angular  diuonslons  of  tho  c en  and  closed 
perthns  of  the  '*  ^let  and  exhaust  ;al V”S . 

5 . ■ r . 3 . Effect  of  f ini  to  Openin'-  and  Closing ~1'  nos  for  tho  Valves 

(a)  Effect  on  the  iTass  of  Air  per  C clo 

Tf  the  valves  require  a time  'Ey  i '-cn  and  clo/r  (sec  hi  pure  57) 
then  Vic  Mass  Viat  w i 1 ^ flow  hi  to  tho  V mo  v.llo  the  inlet  valve  is 
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The  idoal  thrust  then  Is  roduced  by  the  fraction 
Tho  specific  thrust  is  reduced  by  the  fraction 

(i- 


. . .(94) 


. . .(95) 


ho  specific  fuel  ennsumpt’  o"  is  increased  by  the  fraction 


. . .(96) 


5.5  Performance  Analysis  of  the  Supersonic  Z.-r-ine 


5.5.1.  '"•encral.  In  comput'py  the  porf  or  nance  nf  the  e-.  lino  as 
loser’,  jo  i,  rcr,,oT  assumpt’ons  ./ere  made.  These  were : 

(1)  Turning  time  was  0.0015  seconds 

(2)  A ach  humber  of  1.0  v; as  assumed  for  the  scavenged 
p;ascs  as  they  are  discharged. 

(3)  The  follouiny  diffusor  efficiencies  •-.ore  used: 


opeed 


tal  Pc-- rr, 


fat  i o 


- P.t 
Pot, 
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••  4- 

“O  — 

1.0 

1 0 

.L  * \s 

’ ■ ■ 
' 0 

2.0 

0.95  | 

B 

2.0 

'O 

0 

• 

0 

(4)  T 

■ •rust 

was  computed  fr~m 

, the  impulse  obtained 

burnt  ’ases  through  the  open  end  of  the  tubes  ;v* th 
no  nozzle  expansion  considered,  (b)  fr^m  the  dis- 
c :ar;e  of  the  re ma’r4 ny  burnt  '••ases  durlny 
senvenyi u'*. 

The  i noulse  of  the  ?nta!:e  air  was  subtracted  fr~m  the  abo^e 
impulses  to  '•lye  the  net  impulse.  The  flow  during  the  discharge  or 
expansion  oha3e  was  assumed  to  issue  at  a Mach  number  of  1.0  and  no 
expansion  was  considered.  Any  react 'on  of  the  pressures  on  the  solid 
portions  between  the  tubes  was  neylocted.  It  is  expected  that  a 
pressure  greater  than  static  pressure  is  obtained  ’ n the  outlet  duct 
of  the  whole  enyine.  A more  careful  study  of  those  assumptions  is 
■made  below. 
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A3sur.pt  Iona.  It  was  felt  that  the  burning  time  used  was 
as  good  an  assumption  as  can  e made  at  this  time.  It  is  hoped  that 
futuro  experimental  results  *n  the  literature  will  throw  more  ll-ht 
on  this  phase  of  the  cycle. 


The  f ol  Low ’ n^vconsiderat Ion  for  tl'e  scaven.ee  flow  is  '•Ivon  for 
the  lower  or  subsonic  flight  Mach  numbers.  For  this  case  It  was  folt 
that  tho  exit  velocity  for  the  remainder  of  the  burnt  ^ases  was 
assumed  to  jo  too  high  and  thorofore  gave  an  impulse  that  was  too 
great.  It  will  jo  assumed  that  tois  flow  is  discharged  at  a velocity 
equal  to  the  inlot  velocity  of  the  fro3h  fuel-air  mixture  ertertn-  the 


rare  at  the  front  end.  This  would  he  true  for  the  lower  Mach  numbers 


0 £ Mo<1.0. 


Cons i dcr 
phase.  The  u 
tho 


a tube  just  at  the  ond  of  the  discharge  or  exoars ’ on 


ure  In  the  tube  drors  to  or  below  the  total 


of 


Inlet  flow 


at  which  tine  the  inlet  valve  is  opened. 


ressure 

The 


has  been  brought  to  rest  at 


| Inlet  flow  traveling  at  a Mach  number 
the  mouth  of  the  tube  while  it  was  closed.  Meanwhile,  at  the  exit  o 
the  tube,  the  ambient  static  preso’tro  's  lower  than  the  pressure  in 
I the  tube,  which  is  equal  to  the  total  pressure 
! number  lip.  The  conditions  here  are  similar  to 
j surroundin’  an  airfoil,  i.c.  total  prossure  at 
; on  the  leadin'-  cd~e  and  static  pressure  at  the 


01 


flow  of  Mach 


the  subsonic  flow 

the  stagnation 


~ « i r, 

< ■ ^ X.  a i 


trailin'-  edge.  There- 
fore, ?n  the  tube  the  remainder  of  the  burnt  gasos  continue  to  flow 
out  of  the  tubo.  This  flow  may  be  compared  to  tho  steady  flow  of  air 

n sta-nat  * on  po i n t and  then  away  fr^m 


| In  a stream  tube  towards 
, sta-oati on  point. 


no 


In  computin'-  the  ’mpulse  produced  by  the  ejection  of  tho  rouain- 
i der  of  the  burnt  gases  during  the  scavenpin-  phases  the  exit  velocity 


is  assume 
mixture . 


i 


to  .*e  tho  same  as  the  inlet  velocity  of  the  new  fuel-air 


.c , 


This  will  jg  true  for  the  subsonic  flight  Mach  numbers, 

0£no  <i.o. 


For  the  supersonic  Mach  numbers  it  -/ill  c seer  fiat  tho  t-Mol 
pressure  in  the  tube  will  ac  sufficiently  1 -’■>  t~  -■•no  luce 
exit  velocity  dur’n-  scavengin'-.  At  sur  or  so  ' ic  f ’ i -ut  snoods  tve 


pressure  in  the  tube  dvr  in-  scavengin'-  and  immediately  aftor  the 


discharge  nhaso  *v‘ll  be,  at  first,  low,  then  after*  the 
from  tho  opening  action  of  tho  inlet  valve  arrives,  the 
increased.  ?hi.a  can  be  seen  'n  Figures  60  and  63. 


re -sure  wave 
pressure  is 


The  performance  computations  arc  carri.l  out  "n  Appendix  ITT 
and  are  tabulated  in  Tables  5 and  7.  Tho  curves  for  the  thrust, 
specific  fuel  consumption,  air  specific  impulse,  thrust  por  unit 
maximum  frontal  area,  thrust  coefficient  and  characteristic  mass 
flow  are  given  in  Figures  59,  70,  71,  72,  73,  and  74. 


The  drag  coefficient  of  a typical  largo  missile  is  plotted  on 
Figuro  75.  Trio  missile  has  a ground  launch  woight  of  32,000  pounds 
with  a win-  area  of  i'j.25  square  feet.  Four  engines  are  required,  each 
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(3)  The  amount  of  flow  loss  due  to  leakage  dur 1 ng  the 
discharge  phase  will  be  given  bv  the  amount  of  flow 
discharged  at  the  exit  multiplied  by  the  ratio  of 
leakage  area  to  discharge  nozzle  area  of  each  tube. 

For  the  smallost  tubes  (diameter  = 1.02  inches),  the  percentage 
of  the  dischorgedflow  lost  through  leakage  to  that  discharged  during 
the  thrust  ohnsers  » 


3^-aorraipb5H5?5o  ■ x 100  8 

For  tho  largest  tubes  (diameter  s 2.j2  inches),  this  loss  is 


Area  of  leakage 
Abe & of  dibch urge 


v 'h  .o  ^ 

-W  (.•  'J'—  U 

■ ’fr7V  STTV 


t00£x_100=  0.7^ 


The  above  figures  indicato  that  2,1  bo  3/V^  of  the  air  discharged 
(depending  on  tho  tubo  diameter),  during  the  exhaust  phase,  is  lost 
through  leakage  through  tho  inlet  valve.  Since  a greater  percentage 
of  the  discharge  area  is  composed  of  the  larger  diameter  tubes  then 
the  weighted  mean  of  the  leakage  losses  at  the  inlet  valve  during 
! discharge  i3  1.1,1  of  the  total  mass  flow  through  the  engine.  Further 
j leakage  will  occur  during  the  burning  phase  both  at  the  inlet  and 
; oxlwxust  valves.  We  will  ^ake  tho  following  assumptions: 

1.  Durat'on  of  burnin-  * durat'on  of  discharge 

* i 

2.  Avern-e  pressure  V the  tube  during  burning  - | 

the  average  pressure  in  the  tube  during  discharge 

From  the  above  assumptions  we  can  conclude  that  leakage  losses 
at  (1)  tho  inlet  valve  during  burning,  (2)  the  exhaust  valve  during 
burning,  eac'->  equal  the  leakn~e  losses  at  the  inlet  valve  during  the 
discharge  phase.  The  total  leakage  losses  during  burning  and  exhaust 
then  amount  to  3*3/1  of  tho  mass  flow  per  cycle.  ""There  ronalns  thon 
to  determine  the  leakage  losses  at  the  exhaust  valve  during  pulse 
compression.  Since  the  duration  of  pulse  compression  is  approximately 
the  same  as  for  the  discharge  phase,  and  since  tho  pressure  in  the  tribe 
is  less  than  tho  average  pressure  during  discharge,  a conservative 
estimate  of  those  losses  ’would  be  1.1,1. 


The  total  leakage  losses  for  tho  cycle  is  thon  4.4,4  of  tho  mass 
flow  per  cycle.  Very  simply,  a conservative  estimate  of  the  leakage 
losses  is  four  times  the  losses  at  the  inlet  valve  during  the  dis- 
charge phase.  There  losses  wore  not  ’ncluded  in  the  computations. 

5*7  Performance  of  the  iiulti-Jet  using  Surface  Combustion 


The  above  performance  analysis  of  the  3o  irch  diameter  engine 
depended  on  the  assumption  for  the  duration  of  burn’ng.  The  duration 
of  the  burning  nhase  was  determined  from  tho  information  obta'ned  on 
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detonation  from  the  various  investigations  reported  in  the  literature. 
This  is  described  in  more  detail  in  Section  IX  . 

Prelirainary  host  transfer  calculation  show  that  approximately 
ei^ht  times  the  tube  surface  area  is  required  for  fins  on  the  outsiue 
of^oach  tu 2e  to  cool  the  wall  to  1^00°  F whon  the  maximum  cyclo  tem- 
poraturo  is  3500°  p.  This  leads  to  a vory  heavy  construction  for  each 
tube,  and  it  also  necessitates  moving  the  tubes  farther  apart,  yivon 
a poor  ne»tin£  arrangement.  Liquid  cooling  roquirod  a vory  lar^e 
radiator  and  a lar^e  mass  flow  of  liquid.  It  was  decided,  therefore, 
to  considor  ceramic  materials  for  the  tubes,  such  as  stabilized  zir- 
conium oxido  or  yraphitar.  Section  IX  /3ives  a complete  discussion  on 
the  cool inn  problem  and  on  the  hir^h  temperature  materials. 


of 


Since 

surface 


ceramic  tubes  must  be  used 
combustion  can  be  used  to  i 


in 


the  enc'ne  the  phenomenon 
te  the  fuel-air  mixture 


for  each  cycle.  This  type  of  ignition  system  is  used  In  the  3mall 
0"  diameter  subsonic  unit  and  the  cvcle  is  described  in  detail  in 
the  following  section.  Actuallv  the  durations  used  for  the  burninp 
phase  have  oeen  only  assumptions  and  the  question  still  remains 
whether  the  dura*- f on  of  ournin^  is  substantially  different  for  t’ie 
two  methods  of  ignition.  Prom  the  present  state  of  the 
carried  out  in  detonation  and  surface  compost* on,  t^ere 
ent  information  to  make  a fair  comparison  of  the  two  svsteis. 
comparison  that  can  be  made 
two  methods  proposed  for  the 


invest i ~at i ons 
isn't  suffici- 
■’he  onlj| 

ow  is  between  the  two  assumnti ons . The 
ignition  the  fuel-air  mixture  are 


described 

^ 1 1 p c’  i *00  • 


i n mere 

funs  "! 


detail 
is 


.n  .oec 
ven  t 


on 

er*o 


IX 


a 


r-.  1 


< u 


» *• 


i o a 


or 


It  is  interesting  on  the  other  hand  to  see  what  effect  this  now 
method  of  lynltion  has  on  the  performance  of  the  Vulti-Jot.  Ve  will 
assume  that  the  engine  ennf i^urat ’ on  romai.no  the  sa  ;c  as  described 
prev ‘ ously . doctlon  VI  describes  the  method  usod  to  calculate  tho 
burning  but  for  continuity  it  will  he  repeated  hero . 


durat 1 on 


of 


If  tho  a s sump t * on  is  mado  that  tho  burning  i.s  completed  by  means 
of  a radially  traveling  flame  an  equivalent  flame  velocity  can  bo 
computod.  Tills  equivalent  flamo  velocity  is  of  such  a magnitude  that 
as  tho  mixturo  flows  longitudinally  through  tho  length  of  the  tube 
the  flame  travels  radially  through  tho  radius  of  tho  tube.  In  refer- 
ence 10  mass  flows  of  up  to  jO  lbs/soc/sq  ft  of  burner  cross  sectional 
area  wore  burned  in  an  1 P inch  lon.3  burner  of  3 ‘r.oh  internal  iia- 
noter.  Thermal  choking  of  the  exit  flow?  was  caused  at  t':is  hi~h  mass 
flow.  A low  conservative  estimate  of  tho  velocity  of  the  fuel-air 
mixture  at  the  entrance  of  the  burner  in  the  above  experiments  would 
be  about  3 00  ft/sec  or  ",  ■ 0.27.  To  traverse  ' me  if"  ienyf'  It  takes 
t2~"X  "3QD  = 9.00500  seconds.  The  flame  meanwhile  travels  from  t1"® 
lls^to  the  center  of  the  ^bji  t 

i?  r.  00500 

/ 


wa 


le  center  of  the  tube  or  a distance  of  1.50" . 
lent  flame  sneed  t-en  *s  . t 1 *50  L z 25  ft/sec. 


~nv. 


c eq’iva- 
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Tho  maximum  tube  diameter  in  the  ’.’ulti-Jet  is  2.62". 

Tho  time 

rquirod  for  burning  then  i3  the  time  roquired  for  tho  flame  to  travel 

radially  or 

" ■ g'  y2{^--Ciry~  Z rj‘00^6  secs . a 

The  time  assumed  previously  was  0.0015  secs,  and  therefore  this 
Increases  the  total  cycle  time  by  ar  -rox irately  0.0030  seconds  if  the 
abovo  assumptions  are  true.  The  total  cycle  time  for  the  H0  ■ 2.00 
j case  (see  Ti-ure  60)  was  O.OOd  seconds;  now  with  the  new  type  of 
1 ignition  it  is  increased  to  0.009  seconds,  here  v;e  see  the  main 
1 difference  between  the  tv/n  cycles.  This  results  in  the  reduction  of 
1 the  avera-e  thrust  by  l/3  or  the  thrust  in  this  case  i 3 66  2/3/^  of 
| the  thrust  computed  with  the  detonation  type  engine.  The  specific 
' fuel  consume t*  on  and  the  air  specific  impulse  rema’n  the  same,  since 
Tmax  and  Pmax  remain  the  same.  The  characteristic  mass  flow,  however, 
is  rod-iced. 

The  above  analysis  an -lies  only  if  the  combustion  tubes  are  kept 
j at  the  len-tk  of  15  ’nchos.  "’y  making  a carofnl  study  of  Figure  60 
1 we  see  that  the  reduction  of  the  thrust  is  due  to  the  relative  in- 
crease of  the  duration  of  the  burning  phase  with  respect  to  the 
.1  .ration  of  the  other  nhoses.  If  we  could  * ncrease  the  durations 
of  the  other  phases  in  the  same  ratio  as  the  ourniny  phase  was 
increased,  then  as  lony  as  the  impulse  increased  in  the  same  ratio  we 
can  obtain  the  same  performance  for  our  surface  co roust ? on  eng'ne  as 
v.o  ' a.i  c '-routed  for  our  .ctonat ion  enyi.no.  "ere  we  note  t’10  lisad- 
, vantaye  of  an  onylne  opera tiny  on  the  constant  volume  cycle  — that 
is,  the  decrease  in  average  thrust  due  to  an  increase  in  the  duration 
of  constant  volume  combustion.  However,  in  the  present  desiyn  a very 
! important  principle  makes  It  very  convenient  to  increase  the  averaye 
! thrust  ’ey  adjustin'*  the  duration  of  the  burniny  phase  with  rosrect  to 
; the  rest  of  the  phases,  ^his  is  most  simply  done  by  adjustiny  the 
; lenyth  of  the  combustion  tubes.  The  duration  of  each  of  the  phases 
of  scavenyin-,  -ulse  compress' on  and  discharye  varies  directly  as  the 
lenyth  of  the  combust 'on  tubes.  The  impulse  also  varies  directly 
v/lth  the  lenyth  of  the  combustion  tubes.  Therefore,  by  increasing 
tho  lenyth  of  the  combustion  tuoes  bv  the  same  ratio  as  the  burniny 
time  was  increased  thon  wo  will  obtain  the  same  thrust  per  square 
foot  of  frontal  area  a3  we  obtained  for  the  detonation  enyine.  This, 
of  course,  would  increase  the  weight/ thrust  ratio,  due  to  the  lonyer 
tubes.  The  increase  of  this  parameter  may  or  nay  not  be  too 
critical  and  will  depend  on  the  anplicat'on  of  the  enyine.  The  longer 
tube  enyine  would  weigh  approximately  1*  mimes  the  weight  of  the  j 

engine  described  at  the  beginning  of  this  section.  Preliminary  weiyht 
studios  indicate  that ^engine  would  welyh  loOO  lbs. 

L 

Tho  lonyer  tubes  do  present  a problem  duo  to  thoir  greater  D* 
ratio  male  in*:  the  frictional  flow  losses  greater  and  requirin'*  a -renter 
prossurc  to  novo  the  flow  in  the  tube.  Again  tho  frictional^losses 
are  not  bordering  on  tho  critical  sta-e  and  can  be  absorbed  without 
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reducing  tho  performance  not  more  h - an  2 to  4y>. 

Tho  lengthening  of  Lao  tubes  is  not  the  oaly  solution.  Tho  tube 
diameters  can  bo  decreased  so  Lao  euralny  tl  :o  can  be  reduced  to 

0.0015  seconds  us  before.  This  solution  uoos  'not  increase  tnc  online 
weight  nor  its  length,  a. id  it  has  a further  advantage  in  that  it  re- 
duces the  valve  closln  and  oponin..  times  (duo  to  tho  fact  that  the 
valve  does  travel  ut  Lie  a.  "ie  s >ucd  wnllo  the  tube  dlacoters  nave 
been  reducod). 

•"a  are  no./  o>.  -inning  no  see  that  v/e  must  arrive  at  a com  >ro:ni3e 
and  that  an  ootimiz.- tion  analysis  must  oe  is  do  in  or^or  to  obtain  the 
most  ©iTiciont  enwine.  The  duration  of  ournin,;  v us  commuted  by  u3in,y 
tie  uiu  .v  tors  of  tho  l;.r  ost  tuc<  s.  The  in  nine  consists  of  several 
concentric  rows  tuba s each  with  tubes  of  different  diameters,  and, 

therefore , wo  must  com  promise  on  the  .<uri .in.  • time.  It  ” as  felt  that 
since  t e orr.iny  time  is  only  an  as  sum  >Mon  tha^  u uo  tailed  optimiza- 
tion analysis  should  not  no  m:.uo  at  this  time,  b’rom  tho  considoratiors 
of  this  section  -c  have  a clear  pic cure  of  two  ov.  rail  uosiyn  of  the 
I'ulti-Jet,  ;:u  -•>:  can  sec  its  potential! ties  ana  its  most  in  >ortnnt 
mranotors. 

The  present  analysis  is  only  limited  ny  tho  lack  of  information 
on  the  ournin;-  >.lc!3  0 j O ithor  for  t o uotonation  or  for  the  ’not  all 
method  of  i -ni  tion.  oo- 10  e.-:  >orimonts  were  carried  out  in  order  to 
find  some  of  o a. nr  ors  mu  ones.;  arc  re  jortou  in  a later  section. 

V hen  the  actual  ournin,  • times  arc  determined  then  a definite  tube 
Ion  th  can  fenn.d  • i o’ ill  ivo  a .a  efficient  u.i  ,ino. 
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6.1  Performance  of  a ?y  )ical  Unit  Oucratlny  on  the  Ideal  Cycle 

The  cutaway  perspective  view  of  Figure  79  allows  tho  yor.eral  con-  j 
figuration  of  the  Multi- Jet  onyino. 

The  combustion  chambers  are  arranged  as  a set  of  parallel  cylin-  j 
drical  tubes  in  a drum- like  cylinder  whose  outside  diameter  is  0*  j 
inches.  This  drum- like  cylinder  contains  two  ond  -..alls  botw- on 
arc  mounted  the  combustion  tubes.  The  tubes  are  arranged  in  a w 
of  six  circles  v/ith  the  tubes  on  the  outer  circle  bavin  * the  lary-r  , 
diameter,  and  yradvally  decreasing  in  diamotor  to  the  inner  circle  of 
tubes  of  smallest  diameter.  The  inside  diameter  of  each  of  the  tubes 
from  the  outer  to  tho  inner  circles  is  0.31”,  0.47”,  0.10”,  0.09” 

0.29”  and  0.25”  rcuvoc tivoly.  Thcro  are  32  tubos  in  each  row.  The  ! 
Ion  'th  of  all  tho  tuoes  is  G inches.  The  cro3s-sactional  area  of  tho  j 
combustion  tubes  is  25.0  s ;uare  inches  and  the  total  volume  of  the  ; 

combustion  chambers  is  0.0  >G9  cubic  feet.  The  tuoes  arc  surrounded  j 

| ana  lacked  with  hiberfrax  insulation  material.  This  material  resom-  ’ 

| b'lcs  cotton  wool  a..d  can  .>o  packed  with  various  densities  around  the  j 
1 tubes . The  material  will  'withstand  to " no  to  3000°?, 

1 

, i 

The  inlet  .'alve  consists  of  four  flat  vanes  with  a out  50m  of  the) 

aretopon.  Tho  exhaust  valve  has  tho  same  configuration.  (See  Fiy-  j 

urc  79).  The  valves  cun  be  rotated  by  a number  of  icthods;  the  two  < 
’.’.os t promising  are:  ; 

1.  Kloctrically  driven  by  a small  motor. 


2 • 


Hydraulic,  lly  driven  nv  the  hi/;h  pressure  fuel 
travelin, ; up  the  helicopter  blade. 


A more  detailed  des  iription  of  the  valve  urive  system  and  the  fuel 
system  is  'iven  in  a later  section. 

hitb  the  above  >h/sical  dimensions  of  the  Multi-Jet,  the  idoal 
performance  can  jo  crlcula  tod.  The  com  min  tions  are  , iven  in  Tabic  8 
and  arc  descried  in  G-.  st.il  in  A >.>ondix  IV,  The  curves  of  ideal 
thrust,  specific  fuel  consumption,  * r specific  impulse,  thrust  per 
unit  maximum  frontal  area,  v:oi  ht/ thrust  ratio,  thrust  coefficient 
and  characteristic  mass  flow  are  .iven,  in  Fiyures  .86,  hi,  02,  03, 

84,  85  and  OG, 

3.2  Ourninp  Phase 

file  combustion  chambers  .art;  cor.  used  of  ramie  materials  which 
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will  withstand  hiyh  tonne  nature  3 and  hi/'h  pressures.  The  tubes  will 
bo  allowed  to  hejat  up  to  very  hiyh  temporaturos  (approx.  2000°P)  so 
that  each  successive  char.  :o  of  fuel-air  mixture  is  iynitod  by  the 
hot  wall 3 . The  surface  combustion  of  fuel-air  mixtures  has  boon 
studied  by  a number  of  investigators,  Reforoncos  (10)  and  (11),  for 
oxamlo,  deal  with  the  surface  comoustion  of  fuol-air  mixtures  in 
ceramic  tubes.  3oth  references  indicate  that  very  hiyh  mu33  flows 
can  be  burned  efficiently  in  ceramic  tubes  with  hot  walls.  The  fun- 
damentals of  surlh.co  combustion  .ro  at  present  beinc  studied  by  Dr. 
Flock  of  the  Bureau  of  Standards  under  an  Air  Force  Contract. 

As  the  fuel-air  mixture  enters  a tube  ana  flows  toward  the  roar, 
trio  mixture  nearest  the  walls  ignites  and  the  flame  travels  radially 
in  the  tune,  deference  10  shows  that  for  a 5”  diameter  tube,  the  , 
fuel-air  mixture  is  completely  ourned  whilo  flowing  at  hi;*h  velocities 
through  a tube  10"  lony.  The  length  and  diameter  of  the  tubes  of  the 
Multi- Jet  will  be  adjusted  so  that  when  the  mixture  arrives  at  the 
rear  of  the  tuoo  it  is  iot  completely  burnt  out  only  iynitod  alonp;  j 
the  boundary  layers.  This  caji  be  seen  in  Figure  07.  The  exhaust 
valve  then  closes,  forming  a normal  shock  wave  which  travels  upstream* 

I stopping  the  inflowing  pases.  (See  Fiyuro  07  ( b ) ) . Tills  shock  wave  j 
travels  upstream  through  the  central  core  of  unburnt  , wses  and  tlirouyh 
: the  boundary  layers  of  burnt  r;ases.  After  the  passage  of  the  shock 

1 wav 0,  the  pressure  and  temperature  of  the  fuel-air  mixture  has  been  j 


; mL  ■'ID  b V 


s*ru»rrv  iwro%MAne(v 

RESTRICTED 


AEROPHYSICS  DEVELOPMENT  CORPORATION 

PACIFIC  PALISADES,  CALIFORNIA 


report  no 

2ooo-i-ra 


DATE  , 

Jan  Zif  1)53 


raised  so  that  tho  radial  flame  accelerates  raisin;'  the  pressure  and 
temperature  further  and  tho  bur*nin  ' proceeds  at  an  accelerating;  rate. 


hen  the  3hock  wave  arrives  at  tho  f rent  of  tho  tube,  tho  inlet  valve 


is  closed  and  tho  burning;  is  completed  at  constant  volume. 


If  tho  assumption  is  made  that  tho  burnin  ; is 
radially  traveling  flame,  an  oiuivalont  flame 


* « completed  by  means 

of  €•  radially  traveling  flame,  an  e ;uivalont  flame  velocity  can  be 
computed.  This  o Aui valent  flame  velocity  is  of  such  a ma  nitudo  that 
as  the  mixture  flows  Ion  ituuinally  throughout  the  Ion  yth  of  the 

t1 


tu  :,  the  flame  travels  radially  through 
Reference  10,  mass  flov/3  of  up  to  GO 
sectional  urea  v;uro  burned  in 
thermal  chokiny  of  the  exit 
A conservative  estimate  of 


!H: 


radius  of  tho  tube.  In 
turner  cross- 


lbs/soc/sq  ft  Of 
o”  lonr  burner  of 
flow  was  caused  at  this  hiyh  mass  flow, 
he  valocit'r  of  tin-  fuel- air  mixture  at 


an  10" 


3"  diameter; 


tie  entrance  of 
300  ft/sec  or  M 


the  ournor,  in  the  aoove  experiments, 
1 r 0,07,  To  %ravorso  tho  10"  Ion; 'th, 


would 
i t ta’ 


oe 

;os 


iDOUt 


10  s 0,0050  seconds  (approximately) 


12  X 300 


Tho  flame  meanwhile  travels  from  the  walls  to  tho  conter  of  the  tube 
or  ri  ui stance  of  1.50",  The  hypothetic  1 e :uivalont  flame  s >eed  then 
is 


1 , 50  = 25  ft/soc 

12  X 0 . 0050 


The  naxiittum  tube?  diameter  in  the  Multi-Jot  is  0,50".  Tho  tine  j 
re  mired  for  the  flame  to  traverse  radially  would  bo  , 


0.25 


T - 

6 12  X 25 


- (j. 00033  seconds 


A conservative  estimate  on  the  duration  of  two  burning  phase  would  be 
0.001  seconds. 


I loro  extonsive  re 
of  combustion  in  buses 
menon  as  uoscrieed  .y 
that  tho  combustion  Is 
in  Reference  (10)  tho 
lonyer  ourner  lengths. 
Reference  11  the  fuol- 
tuoes  tiirouyh  an  orifi 
diameter,  while  in  the 
proceeded  tho  ceramic 


search  v 111  have  to  be  carried  out  on  this  type 
of  various  diameters  and  lengths.  Tho  fneno- 
Mowland  and  Sinmonus  in  Reference  (11)  indicates] 
takiny  place  in  a scries  of  explosions  while 
only  indication  of  rou  ;h  burniny  is  shown  in  the| 
It  mu3t  be  noticed  on  tho  other  hand  that  in 
air  mixture  was  introaucod  into  tho  ceramic 
co  whose  diameter  was  smaller  than  tho  tube 
tosos  of  Reference  10,  a smooth  flov/  nossle 
burner . 


The  fact  that  non-stoady  burniny  may  be  achieved  even  with  a 
'ad:  suoplv  >re3sure  promises  to  simplify  the  a >nlic;  tion  to  tho 
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present  engine,  for  tne  length  of  trio  tube  ma y be  easily  adjusted  to 
produce  burning  or  explosion  frequencies  equal  to  the  frequency  of 
operation  produced  oy  the  valves.  The  opening  and  closing  phases  pro-- 
ducea  by  the  valves  may  be  adjusted  to  the  frequencies  of  explosions. 

C.2,1  Frictional  Flow  Losses.  In  order  to  reduce  the  losses 
in  the  duct  during  the  induction  hase  due  to  friction  and  heating, 
the  diameter  of  the  coin  oust!  on  tuoe  is  allowed  to  increase  toward 
the  rear.  The  equations  for  tie  area  increase  were  uevclooed  in 
Section  V.  F0r  this  cose,  for  a riven  flight  velocity,  there  will 
be  an  opti  turn  for  each  l/d  ratio.  This  is  due  to  the  fact  that 

the  amount  of  lulse  concession  will  increase  with  while  the 
friction  losses  in  the  duct  ".ill  also  increase  with  . The  ratio 
I of  final  static  nrossure  over  the  inlet  total  nrossure  Pott 

j for  various  ^/rj  ratios  is  p left  ted  a ain3t  Mj  in  Figure  36. 

I 

i 2,‘\2  ’•;f feet  on  the  Total  Duration  of  the  Cycle.  The  non- 

j stationary  wave  uiagruras  were  drawn  by  making  use  of  the  assumption 
of  linear  variations  as  the  vulvas  oponod.  The  acceleration  of  the 
I Interface  bet-eon  the  burnt  and  new  mixtures  was  assumed  to  take 
i place  through  a com  cossion  wave  having  a pressure  ratio  of  1.70. 

(See  equation  <J0).  This  strength  of  wave  was  chosen  since  it  pro- 
• ducos  a flow  Mach  Number  in  the  tube  of  0.6  as  the  scavenging  starts. 
The  compression  wave  was  divided  into  four  parts  (or  characteristics) 
eacr.  c'  ..rac  t..ris  tic  increasing,  tie  interface  velocity  by  of  the 
final  velocity  to  v e a final  Much  Number  of  o.G  in  the  new  mixture. 

■ The  stopping  of  the  fluid  ..rticles  and  the  formation  of  the  shock 

wave  by  the  exhaust  valve  is  computed  in  the  same  way.  For  these 
computations  and  for  tuoes  of  C "inches  in  length,  the  time  for  con- 
stant volume  ourning  was  assumed  to  be  0.0010  secs  at  Me  = 0.75.  | 

(See  Section  6.2).  ^'or  any  of  the  other  flight  Mach  Numbers  the 
rotational  speed  of  the  valve  wu 3 computed  from  the  scavenging  and 
I the  shock  compression  phases  of  the  cycles.  ;iy  making  the  opening 
a id  closing  times  of  the  valves  coincide  with  the  arrival  of  the 
raves  in  these  phases,  the  duration  of  the  total  cycle  was  obtained. 
This  automatically  determined  '’Dp  and  *C  g ; for  the  other  Mach 
Numbers  ( Mo  s 0.50,  0.25  and  0)  and  it  was  found  that  the  letter 
very  nearly  coincided  with  the  theoretical  duration  of  the  phases 
at  those  Much  Numbers.  Dio  actual  tine  available  for  dischar  e was 
u few  percent  longer  than  that  determined  by  theoretical  calculation. 


I 


Sine-1  this  would  determine  the  final  nrossure  in  the  tuoo  after  dis- 
charge, and  3ince  it  meant  that  this  pressure  was  lower  than  that 
re  luired  in  the  tube  to  initiate  scavenging,  it  was  felt  that  this 


is  t.  conservative  assumption.  At  the  sane  time,  this  simplified  the 
valve  timing  cons  dere  oly.  The  time  available  for  burning,  of  course, 
varied  with  the  valve  speed,  but,  since  the  time  allowed  for  burning 
was  sufficient  enough,  it  was  felt  that  the  variation  with  Mach  Number 
coulu  in.  tolerated.  Therefore,  the  ohysical  valve  conf igurution  re- 
mained. the  same,  while  only  the  valve  speed  vuriod  in  accordance  to 
the  tine  of  arrival  of  the  interface  of  the  new  mixture  to  the  exhaust 
valve  and  the  arrival  of  the  pulso  compression  wave  to  the  inlet 
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valve.  This  was  determined  by  the  simplified  characteristics  dia- 
gramed in  Figures  39  and  'JO.  Since  these  vmvo  speeds  depend  on  the 
velocity  of  sound  of  the  incoming  air,  then  the  rotational  speed  of 
the  valve  deponds  only  on  the  sqxiare  root  of  the  inlet  total  tem- 
perature. 


R PM  * CONST  \pfZ 


The  wave  diagrams  shown  on  Fipuros  39  and  90  wore  conputed  from 
the  conditions  of  the  incoming  air  and  the  tube  lengths,  usinc  the 
method  described  above.  Figure  91  shows  the  valve  timing  diagrams 
which  pivo  the  angular  dimensions  of  the  open  and  closed  portions  of 
tho  valves. 

6.2.3  Leakage  Losses.  The  commutations  for  the  leakage  losses 
were  carried  out  in  detail  in  Subsection  5.6  for  the  36**  aiameter 
online.  For  the  smaller  engine  tho  only  difference  will  be  the 
smaller  diameter  of  tho  combustion  tubes  and  the  smaller  clearance 
between  the  valves  and  the  tube  openings.  It  will  be  assumed  that 
for  this  case  a clearance  of  0.002’*  can  be  maintained  in  the  engine. 

For  the  smallest  diameter  tunes  (D  - 0.25  inchos)  the  percent- 
age of  the  discharged  flow  lost  through  leakage  to  that  uischar  od 
durinr-  the  thrust  >haso  Is 

fai  o:  ,,  - TTX  0^'  xo.ooe  xl  00  _ ...... 

Area  Oi?  .iisci.aryo  TT/^.  x.O-2L*f£. 

For  tho  largest  tuoes  (D  - 0.51  inches)  this  loss  is 


re a of  leakage 


.roa  of  uischar*  c 


X 0‘&IH  O'OOZx  \ OQ 

TY/4  x 0 57*- 


; 1 . 57;b 


The  weighted  mean  of  the  aaovo  losses  Is  2.1m.  Usinp  tho  criterion 
of  Subsection  5.6  we  then  determine  the  total  leakage  losses  to  be 
2.1  X 4 : 3.4;'.  These  losses  are  Included  in  the  actual  performance 
characteristics  computed  for  tho  l>»ulti-Jot. 

6.3  .Performance  Analysis  of  t be  hulti-Jot 

The  curves  for  thrust,  specific  fuel  consumption,  air  specific 
Impulse,  thrust  per  unit  frontal  area,  weight/ thrust  ratio,  thrust 
coefficient  and  characteristic  mass  flow  are  iven  in  Fipures  92,  93, 
94,  95,  96,  97  and  90  respectively.  The  computations  for  those 
curves  are  piven  in  Table  9 and  are  described  in  detail  in  appendix  V, 

Tho  actual  specific  fuel  consumption  pivon  in  Figure  93  shows 
that  it  does  not  monotomically  decrease  with  the  maximum  cycle  temper- 
ature. The  s 10 ci.fi c fuol  consuw  -tion  decrea.  os  as  tho  temperature 
decreases  from  3000°F  to  2000°?  then  it  bo pins  to  increase  a ain. 
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Tho  Ideal  values  of  the  specific  fuel  consumption  on  Figure  01  do 
not  e;diibit  this  same  trend  but  do  doorcase  mono tomic ally  with  tem- 
perature. The  reason  for  tho  reversal  in  the  actual  values  is  duo 
to  the  reduction  factor  obtained  from  the  loss  in  mass  flow  in  the 
actual  case.  Tho  reduction  factor,  for  the  specific  fuel  consump- 
tion, is  a function  of  tho  reduction  in  maximum  cycle  pressure  ratio. 
This  function  is  ,ivo  by  equation  96.  It  will  be  noticed  that  for 
the  lower  temperatures  (and  therefore  lower  maximum  cycle  pressures) 
tho  value  of  K is  laryo  and  therefore  there  is  a greater  percent- 
age inerc aso  in  the  specific  fuel  consumption  at  two  lower  temper- 
atures than  at  the  hiyh  temperatures  for  a ';iven  loss  in  mass  flow. 
Tills  router  increase  causes  the  reversal  shown  in  Figure  93. 

Those  performance'  curves  include  tho  following  losses 

1.  Flow  Viscosity. 

2.  Corrected  Duration  of  Cycle  for  a practical  cnyine. 

j 3.  Loss  in  mass  flow  due  to  slc^v  oponin  ; and  closing 

j actions  of  the  valves. 

4.  Loalcayo  lossos  at  oho  inlot  ‘and  '‘e/biaust  valves  duo 
to  a clearance  of  0.002  inches. 

! 6.4  ^rrllmlrr-ry  Deal  t.  Considerations  j 

i I 

j h 4.1  -’lade  loot  Stress.  The  inlot  valve  configuration  is 

shown  in  Figure  99.  Tho  thickness  at  tho  root  is  0.335"  while  tho 
thickness  at  tho  tip  i3  0.125".  ■‘•ho  thrust  of  the  “‘ulti-Jet  will  be 

transmitted  through  tho  inlet  valve.  Tho  120  lb  jo  , thrust  will  be 
divided  o pa  ally  betwoen  tho  4 vano3  or  30  lbs  >or  vane.  The  stress 
;t  the  root  will  be  due  to  two  forcos 

1#  The  bonding  moment  due  to  tho  thrust  on  the  valve  face. 

2.  The  tension  duo  to  tho  centrifugal  force. 

The  aver awe  thickness  of  tho  blade  is 

0 3^-  fQ.  I - 0ASQ 

ax  iffo  3 

Tiao  aver  aye  thickness  is  reduced  by  tho  factor  rjja  due  to  the 
fact  that  two  blaue  has  an  aerodynamical  shape.  Tie  area  of  the 
blade  is  5.40  square  inches.  Assuming  tho  blade  is  made  of  solid 
stool  and  has  a density  of  0.2Q  lbs/ou  inch,  the  total  weight  of  the 
blade  is  thon  J 

h = 0.510  X 5.4  X 0.22  s 0.227  lbs 
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Figure  99 


INLET  l/AL/E  CON  FIGURATION 


'ho  center*  of  gravity  of  tho  el.. do  is  located  at  aoo.it  2. <55 ''  rauius . 
■ha  rra  ular  velocity  of  tiro  rv.lv o is  5:300  bfIJ. 


fho  ccntrifuyal  force  uue  to  tie  rotation  is 


c.p 


- 0227 
J2*2 


(rirVW*™  >»««• 


Lonyth  of  blade  at  t o root  - 1.13” 


03SS  Al  l! 

■'.re a at  tiro  root  r j ;$q 


•m  O O . * ^ 


Stress  at  ‘tie  root  = 000  lbs/s  ; in 


Thrust  force  on  blade  - 30  lbs  . t aeo^t  1.:  " fron  the  root 

of  the  a lade 


•’onuinj  no:  lent  ‘it  the  root  of  t'10  hi  ado  ■ 50  h 1,6  • -15  inch  lbs 


fi-.ro  Stress  - M Q 


lun-a  C=2diTso,6# 


T.  1 1’g  X Q , 

*■  * Jz_  - 0*00369 


tress  - 
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000369 
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Tho  maximum  fibro  stross  at  the  root  of  the  blade  Is  2950 

osi. 

orodynamic  Dray  of  bnc  Revolving  31 ados.  The  olado 
j alviuod  l.i go  throe  sections  as  shown  on  r'i^uro  99  • Vne  compu- 
tations are  yivun  in  la  ole  10.  'Die  ura;.  coefficient  of  column  8 
was  estimated  for  the  various  sections  of  different  fchickr>o3s/chord 
ratios  takiny  into  account  tiio  frictional  dray  on  the  surface  eoid  tiie 
.res sure  dray  on  tlio  curved  surface.  The  dray  of  the  revolving  f air- 
in  would  add  a torque  of  about  0.0545  in. Ids.  Dio  total  torque  of 
tho  revolvin'"  valves  due  to  aerodynamic  dray  is  0.020  in. Its. 

The  dow or  required  is  then  - torque  X R.P.S. 

_ x 14  £1  isa 

or  ” sec 

= 0.0021  H.P. 

A.ssumin- ; a friction  coefficient  for  tho  thrust  boariny  of 

0.0025,  'with  n thrust  load  of  120  lbs,  tho  boariny  friction  is  - 
0.30  lbs.  As  sumo  tho  races  are  at  a radius  of  1.50"  tho  >ovwr  re- 
quired to  ovorco  ic  ..eariny  friction  is 


r 0.50  X 1.50 
12 


X 60  - 8.25  ft  lbs/soc  or  0.0041  HP 


Total  horse  >owor  to  drive  the  valves  t on  is  0.0062  HP. 

6. 4. 3 Valve  Drive  Ho  onanism.  Various  methods  have  b.,on  con- 

sidered that  would  be  suitable  to  urivo  the  valves,  dome  of  those 
are 

1.  Electric  motor 

2.  Hydraulic  notor  driven  by  olio  arcssurizod  fuel  or 
pressurized  air 

3.  Koaction  of  the  jet  exhaust  uriviny  a turoine 

4.  Reaction  of  tho  inlet  air  driviny  a turbine 

TJsiny  the  reaction  of  th.o  jet  exhaust  or  t lc  inlot  air  to  drive 
a turoine  urosents  the  problem  of  3 >ced  regulation.  A mechanism 
will  be  vc  uirod  to  adjust  the  torque  uroducod  b3T  the  turbine  to 
drive  the  valves  at  the  correct  s >eed.  The  comiloxity  of  an  air 
driven  turoine  cim  bo  soon  from  tho  urawiny  of  such  a system  in 
Fiyuro  58.  On  the  other  hand,  t o electric  motor  with  a socod  control 
mavos  it  c very  easy  oroblon  to  control  the  valve  s >ood  either 
manually  from  tho  cockoit  or  automatically.  Die  hyuraulic  motor 
driven  by  the  *uel  ia  also  a -ood  solution  sin  n.  it  Incorporates 
the  fuel  food  and  control  system  which  is  needed  in  any  case.  A 
d scriotion  of  this  system  i3  Ivon  in  Aunondix  VI. 
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u.4.4  Smarting  Mechanism.  2: lore  uro  four  functions  which 

must  00  provided  for,  while  s;.  rtin;.;  tho  Multi-Jet. 


1. 

2. 


5. 


Rotation  of  tho  valves. 

Induction  of  fuol-air  flow  through  tho  combustion 
tub os . 

Puneing  of  fuel  to  the  rotor  tips. 


4.  Ignition  sources  in  each  comou3tion  tube. 

If  the  electric  motor  method  is  used  to  drive  the  valves  a 
storage  battery  will  bo  neoded  to  rotate  tho  valves  while  tho 
holicopter  rotor  is  at  a standstill.  Also  a small  prooollor  which 
induces  an  air  flow  through  the  whole  unit  will  be  mounted  at  the 
uuct  entrance.  At  normal  cruising  velocities  this  propeller  will 
free-wheel.  Another  method  of  supplying  air  ‘for  starting  is  by 
moans  of  a compressed  air  bootlo  in  the  main  body  of  the  helicopter. 

In  ordo^  to  supply  fuel  for  the  starting  phase  an  accumulator  separ- 
ated into  two  co  :.o.  rtmer.ts  by  a rubber  diaphragm  will  be  used.  One 
comportment  Is  filled  with  fuol  while  the  other  is  pressurized  with 
compressed  air.  Tho  fuel  is  driven  out  to  the  rotor  olades  where 
it  is  ejected  into  tho  intake  duct  of  the  Multi- Jet.  Since  an 
ignition  source  in  each  tube  would  require  a largo  network  of  wiring, 
a simile  solution  would  bo  to  i -nlto  the  fuel-air  mixture  before  it 
.ntres  to:  tubes.  die  mix  sure  burns  partially,  expands  through  the 
engine  and  develops  a small  amount  of  thrust  and  also  heats  tho 
comanstion  tubes,  .-hen  the  tubo  walls  are  sufficiently  heated  to 
causo  auto-ignition  of  tho  incoming  fuol-air  mixture,  tho  thrust  will 
increase,  she  blades  will  accolorato  until  tho  flame  in  the  intake 
duct  will  be  ;lown  out  anu  the  Multi- Jet  will  operate  under  its  own 
cycle.  As  the  rotors  begin  to  rotate,  the  fuel  pressuro  Increases 
iaid  the  pressurized  accumulator  cun  bo  by-passed.  Appendix  VI  also 
describes  a startin ; system  that  can  be  used  in  conjunction  with  an 
hydraulically  driven  valve  system.  The  considerations  for  fuel  feed 
and  control  given  in  Appendix  VI  would  apply  for  any  case. 

e.5  General  Structural  Desl.m  Consideration 

Pr  liminary  structural  studies  indicate  that  .gyroscopic  moments 
can  be  easily  resisted  by  the  helicopter  rotor  blade  without  any 
annuities  and  chereforo  it  will  not  be  necossary  to  use  a pair  of 
engines  on  each  blade  for  tho  sake  of  counteracting  gyroscopic  forces* 
However,  it  appears  that  certain  reinforcing  will  be  necessary  in  the 
helicopter  blados  to  take  care  of  the  centrifugal  forces  caused  by  the 
engine.  The  valves  are  subjected  to  (a)  two  ty  ies  of  centrifugal 
forces  (b)  to  oenuing  stress  (c)  uro  oxnosod  to  hi  ;h  temperatures.  It 
is  felt  however  that  by  careful  dosign  a reliable  unit  can  be  easily 
ootainod.  There  appears  to  ;;c  no  fundamental  difficulties  which  can- 
not be  o rcome 
combination. 


in  ac  .ual  dosign  of  the  valve,  bourinr  and  shaft 


RESTRinTFn 


- 165  - 


A 


RESTRICTED 


MS 

AEROPH  YSICS  DEVELOPMENT  CORPORATION 

2000-1-Rl 

KK'!  P bN 

PACIFIC  PALISADES,  CALIFORNIA 

Jan  24,1953 

SECTION  VII 

EFFECT  ON  HELICOPTER  DESIGN  AND  PERFORMANCE 


The  development  of  a helicopter  may  be  subdivided  into  five 
parts  as  follows: 

1.  Powerplant  Selection 

2.  Rotor  Design  and  Performance 

3.  Staoility  and  Control 
Vibration  and  Noise 

5.  Structural  Design 

These  parts  will  be  amplified  somewhat  in  the  following  paragraphs  in 
order  to  show  how  the  present  development  effects  the  general  problems 
of  helicopter  design. 

7.1  Powerplant  Selection 

The  type  of  power  unit  which  is  used  to  drive  the  rotor  has  a 
| cor.troll  ing  influence  on  the  configuration  and  performance  of  the 
holicoptor.  Numerous  authors  have  mentioned  the  inherent  advantage  j 

of  propelling  the  rotor  by  moans  of  thrust  units  at  tho  tips  of  tho 
blades,  which  impose  very  little  torque  on  the  body  of  tho  machine; 
in  contrast  to  propelling  the  rotor  at  the  hub,  which  transmits  the 
full  rotor  torque  to  tho  body.  The  hub  propulsion  method  then  re- 
quires a powerful  means  to  counteract  the  rotor  torque.  In  the  form 
of  a tail  rotor  or  counter-rotating  main  rotor;  whereas,  the  tip  | 

propulsion  method  may  use  a vertical  fin  attached  to  the  body  to  j 

overcome  the  small  hub  bearing  friction  during  powered  flight  when 
the  air  flow  is  downward,  or  during  gliding  flight  when  the  air 
flow  is  upward. 


At  present,  the  inherent  simplicity  of  the  helicopter  equipped 
with  tip  propulsion  is  somewhat  offset  by  the  following  disadvan- 
tages: First,  the  available  power  units  for  supplying  thrust  at  the 

blade  tips  are  only  in  the  developmental  stare,  and  have  higher  fuel 
consumption  than  the  ongine-in-body  configurations;  second,  means 
for  transferring  fuel  from  tanks  in  the  body  to  the  rotor  tips  is 
more  complicated  than  from  tank  to  engine;  third,  tho  development 
of  a thrust  unit  subject  to  centrifugal  offects  offers  an  addition- 
al problem;  and,  fourth,  tho  problom  of  starting  several  tip  units 
i 3 more  difficult  than  one  engine,  and  may  involve  extra  weight. 

However,  in  spito  of  these  drawbacks,  the  weight-empty  savings 
which  accompany  the  tip  propulsion  mothod  seem  to  permit  the  simpler 
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Jot  powered  helicopter  to  have  range,  endurance  and  carrying  capacity 
comparable  to  that  of  the  internal  combustion  engine  powered  heli- 
copter. The  mechanical  problems  of  fuel  transfer  and  centrifugal 
force  are  not  serious.  Furthermore,  improvements  in  fuel  consumption 
of  the  tip  propo'llod  rotors  may  be  expocted  while  tho  reciprocating 
enginos  have  reached  close  to  thoir  limits  in  fuel  economy. 

Tho  present  dovolopnont  of  a Multi-Jot  pov/orplant,  as  discussed 
in  this  report,  offers  the  possibility  of  the  lowest  fuel  consump- 
tion than  any  other  tip  propulsion  unit  yot  devised.  This  feature, 
in  addition  to  its  simplicity  and  low  cost  would  appear  to  nako  it 
probably  the  most  promising  propulsion  system  for  the  helicopter  of 
the  future. 

7.2  Rotor  Design  and  Performance 

I Assuming  the  availability  of  a tip  propulsion  unit  capable  of 

; developing  a thrust  of  T pounds  at  the  rotor  tip,  the  number  of 
rotor  blades,  the  diameter  of  rotor,  and  other  deta'ls  may  be  worked 
out  by  well  established  methods  of  aerodynamic  analysis. 

Preliminary  calculations  for  the  Multi-Jet  unit  having  a thrust 
of  F ■ 90  pounds  each  operating  at  a cycle  maximum  temperature  of 
2000°F  mounted  on  a three-blade  rotor,  with  a tip  speed  of  600  ft/sec 
would  be  capable  of  delivering  a total  of  300  HP  suitable  for  a heli- 
copter of  gross  weight  3600  lbs  with  a rotor  of  about  1^1  feet  diam- 
eter. '.Vi  th  these  0"  diameter  units  operating  at  higher  cvclo  tempera- 
tures, the  available  power  is  increased  and  therefore  the  gross  weight 
and  size  of  the  helicopter  can  be  increased  substantially.  These  pro- 
portions give  a disc  loading  of  2.7  lb/sq  ft  and  a power  loading  of 
12  lb/HP.  Tho  proposed  helicopter  would  bo  a six-passengor  transport 
with  the  following  weight  summary: 


'.’/eight  Empty 


35; 


•f 

J Vf  r 


Pilot  and  Payload  6 X 200 
Fuel 


Gross  Weight 


W, 


= 1260  lbs 
= 1200 
= 1140 

• '3600  lbs 


The  endurance  of  this  machine  would  be  3«0  hours  hovering  at  6000  feet 
with  85  percent  full  power  or  2if0  hp  at  full  load,  and  with  a specific 
fuel  consumption  of  1.65  lb/hr/lb  thrust.  The  helicopter  would  be 
capable  of  a range  of  about  320  miles  at  100  mph  with  full  load.  3y 
operating  at  a cycle  temperature  of  3000°F  the  Multi-Jets  could 
develop  a thrust  of  160  lbs  each  or  520  hp  at  600  ft/sec  rotor  tip 
speed.  This  extra  power  would  be  available  for  take-off,  climbing, 
hovering  and  other  special  manoeuvers. 
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If  the  payload  were  replaced  by  additional  fuel,  the  hovering 
enduranoe  would  be  approximately  6.20  hours  ^nd  the  range  630  miles. 
This  is  almost  as  good  range  and  endurance  as  to  be  expected  of  the 
piston-engine  powered  helicopter  (See  Figure  100).  The  values  of 
Figure  100  were  obtained  from  Reference  12.  On  the  recent  trans- 
Atlantic  flight  of  S-l6  helicopters,  the  longest  hop  was  800  miles 
from  Greenland  to  Iceland.  It  was  assumed  that  allowances  were  made 
on  this  flight  for  25  percent  fuel  remaining  in  the  tardc  md  for 
25  mph  favorable  winds.  V/ithou.t  these  allowances,  it  is  estimated 
that  these  machines  have  a maximum  no-wind  range  of  about  850  miles. 

The  Multi-Jet  helicopter  is  expected  to  attain  range  and  endurance 
performance  within  20  peroent  of  the  piston  type  machines. 

The  curves  of  Figure  101  give  a better  comparison  of  the  differ- 
ent types  of  propulsive  devices.  The  curves  give  the  endurance  of 
! the  helicopters  plotted  against  the  permissible  payload.  These 
I curves  are  a cross  clot  of  those  of  Figure  100.  The  curves  sr.ow  that 
I the  Multi-Jet  system  is  unsurpassed  except  for  the  two  extreme  ends 
! of  the  endurance  scale.  Even  for  the  long  endurances,  the  piston 
1 engine  driven  helicopter  is  only  carrying  a small  percentage  of  its 
gross  weight  as  payload.  It  must  be  realized  that  the  curves  of 
Reference  12  represent  average  values  of  many  existing  and  proposed 
helicopters  and  therefore  reoresent  o.ly  approximate  trends  and 
magnitudes . 

j 7-3  £ta,£Ultj._a,nd.  Control 

1 

| The  use  of  a directional  trim  fin  for  counteracting  the  hub 

i bearing  friction  of  the  tip-propelled  rotor  is  the  principal  cha  ge 
; from  the  piston  engine  ty-'e  of  aelicopter.  simpler  control  system 
is  thus  attained  with  lower  weight  and  less  power  required  than  the 
tall  rotor  or  counter-rotating  main  rotors.  Methods  of  rotor  con- 
trol and  stability  as  developed  for  the  piston  engine  powered  rotor 
may  be  used  for  the  Jet-propelled  helicopter. 

? Vibration  and  Noise 

Replacement  of  the  tall  rotor  boom  by  a thin  trim  fin  is  ex- 
pected to  greatly  reduce  the  troublesome  vibration  due  to  rotor  blade 
downwash,  with  an  exciting  frequency  of  about  9 cycles  per  second. 
Removal  of  the  engine  from  the  body  will  eliminate  this  source  of 
vibration.  Removal  of  the  engine  exhaust  noise  from  a point  below 
the  body  and  replace  by  Jet  units  at  the  rotor  tips  may  or  may  not 
reduce  the  noise  level  in  the  cabin.  The  firing  frequency  of  the 
Multi-Jet  with  32  cylinders  per  row  will  be  960  cycles  per  second. 

Suoh  frequencies  are  relatively  easy  to  eliminate  by  light  weight 
sound  proofing  materials.  Lower  frequencies  should  be  nearly 
absent  with  smoothly  running  Jet  units,  although  some  60  cycle/sec 
noise  may  be  expected  with  Irregular  operation  of  certain  cylinders. 
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It  is  expect- -d  that  the  Multi-Jet  machine  will  have  les.- 
vibration  than  the  piston  machines,  with  comparable  noise  level  in 
the  cabin  ami  a noise  level  in  the  external  field  about  1/20  of  that 
of  a 6000  pound  thrust  turbojet.  Due  to  the  fact  that  the  three 
I jets  are  not  simultaneously  pointing  directly  at  the  observer,  the 
average  noise  at  a given  point  is  probably  even  less  than  this 
amount.  Further  studies  nay  be  expected  to  reduce  this  external 
noise  still  further  with  some  weight  and  fuel  penalties. 

7.5  Structural  Desl/m 

The  predominant  change  in  structural  design  is  the  addition 
of'  the  mass  of  the  Multi-Jet  units  at  the  rotor  blade  tips.  This 
tends  to  reduce  the  natural  frequency  of  the  blades,  requiring  some 
i adjustments  to  the  rotor  and/or  landing  gear  details  to  . void  ground 
'resonance.  Since  a.  number  of  methods  have  been  developed  for 
correcting  ground  resonance  by  kinematics  and  damping,  this  problem 
I Is  not  expected  to  be  a serious  disadvantage. 

1 

Mew  developments  In  rotor  blade  design  should,  as  they  become 
; available,  be  considered  for  the  jet-propelled  rotor.  The  trend 
; toward  a thick,  tough  skin  with  low  density  core  material  seems  to 
be  in  the  right  direction  for  the  helicopter  of  the  future. 

i • 

In  modifying  an  existing  helicopter  to  serve  as  a flight  test 
' machine  for  the  Multi- Jet,  a 3-blade  single  rotor  machine  could  be 
selected,  having  a gross  weight  of  3000-5-000  lbs.  The  main  rotor 
would  need  to  be  redesigned  to  accommodate  the  jet  units.  The  tail 
rotor  could  be  driven  from  the  main  rotor  shaft,  or  replaced  by  a 
(vertical  fin.  The  body,  landing  gear  and  flight  controls  could  be 
used  with  little  change.  A considerable  saving  in  the  development 
time  for  a flight  proven  jet  unit  is  expected  to  result  from  this 
plan.  On  the  other  hand,  a complete  redesign  would  be  necessary 
to  provide  a serviceable  helicopter. 
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SECTION  VIII 

ANALYSIS  OF  THE  DESIGN  OF  COMBUSTION  TUBES 

0.1  Tuoe 

Structures 

During  most  of  tho  contract  period  of  the  work  on  the  Nulti- 
Jet  engino,  it  was  not  kn  wn  whether  it  would  be  necessary  to  have 
a cooled  or  uncooled  tube  structure.  However,  it  was  realized  that 
the  possioility  existed  taat  an  uncooled  tube  structure  may  prove 
desirable . 

Possible  cooled  structures  were  analyzed  simultaneously  with 
uncooled  structures  to  estimute  comparative  advantages  and  dis- 
advantages and  optimize  the  theoretical  design  as  rapidly  as  possible^ 
As  volume  and  weight  are  critical  and  an  inexpensive  structural 
material  is  desirable,  the  field  of  present  possible  structural 
materials  for  an  uncooled  structure  is  limited.  In  uncooled  struc- 
tures, the  following  materials  were  considered: 

(1)  'Zirconium  Boride  plus  Nickel  (American  Electro  Petals 
Corporation) 

(2)  ?'etamic  - LT  - 1 (Haynes  Stellite  Div.,  Union  Carbide 

(o)  Graphite  - EBP  (National  Caroon  Company) 

(4)  Graphitar  (The  United  States  Graphite  Company) 

(5)  Stabilized  Zirconium  Oxide  ( The  Norton  Company) 

(6)  Silicon  Carbide  (The  Carborundum  Company) 

(7)  Stupalith  (Stupakoff  Ceramic  and  Manufacturing  Co.) 

(8)  Alumina  (9 6%)  (Coors  Forcelain  Company) 

(9)  Kentanium  K151-A  (Kennaraotal  Inc.) 

(10)  Molybdenum  (Fanstell  Metallurgical  Corporation) 

(11)  Enameled  Steel  Tubes  (Solar  Aircraft  Company)  Solaramic 

(California  Enameling  Co.)  A418  Coating 

(12)  Quartz  (Fused)  (General  Electric  Company) 
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The  following  materials  wore  consiaered  for  possible  use  in  cooled 
structures : 

(1)  SAE  4130  Heat  Treated 

(2)  Stainless  19-9  DL 

(3)  Haynes  Alloy  No.  25  (Haynes  Stellite  Division) 

(4)  Kent anium  K151A  (Kennamctal,  Inn.)  . 

Initial  calculate  ons  ■ ere  mad*';  to  determine  the  equilibrium 
temnerature  of  the  uncooled  tube  exit  considering  only  the  Plow 
throir-h  the  tube.  The  local,  tube  h<-uit  transfer  coefficients  wore 
calculated,  using  turbulent  flov/  heat  transfer  formula  for  tubes. 
(See  Reference  14). 

h ■ k 0 0336  (Rtd)  * 

5 t + /r^'/<r  *2  V ■ - ~k) 

n ■ heat  transfer  coefficient  = RTU./nr/sq  ft/0? 

k a thermal  conductivity  of  gas  s :':TU/hr/ft/°? 


D s tube  diameter  » feet 

hg  ; - a Reynolds  Numoor  of  flov;  wit 
ametor  (dimensionless) 


n rosnuci 


t i jo  di- 


?r  = Prandtl  Humber  of  gas  (local)  (dimensionless) 

The  no3t  recent  extrapolations  of  thermal  conductivity  anu 
viscosity  of  air  by  Keyes  (See  Reference  15)  were  used. 

At  a maximum  combustion  chamber  tomnerature  and  'Pressure  of 
3000°?  and  400  p si,  respectively,  it  was  found  that  the  equilibrium 
tube  wall  tomnerature  would  be  2700°?.  This  high  cooled  tube  wall 
temperaturo  results  from  the  exhaust  flow  heat  transfer  coefficients 
being  about  twice  the  scavenge  flow  heat  transfer  coefficients  and 
from  the  ap  died  durations  (the  scavenging  portion  of  the  engine 
cycle  amounts  to  only  one-third  the  duration  of  the  exhaust  flow 
condition  at  the  tube  exit).  The  uncooled  equilibrium  tube  wall 
temperature  decreases  along  the  tube  from  the  exit  to  the  forward 
end  of  the  tube  in  a fashion  substantially  proportional  to  the  dura- 
tion of  hot  • xhaust  flow  at  the  place  involved  in  the  tube.  It  was 
found  that  longitudinal  heat  transfer  .through  tno  metal  or  ceramic 
wall  could  be  neglocted  in  comparison  to  the  convective  surface  heat 
transfer.  An  equilibrium  wall  temperature  only  a few  Hundred,  degrees 
above  tne  total  inlet  air  temperature  should  exist  at  the  forward 
end  of  the  tube. 
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8.2  Cooled  Tube  Structures 

The  required  heat  transfer  In  an  externally  air  cooled  tube 
designed  for  high  Mach  number  low  altitude  operation  was  then  cal- 
culated assuming  a mean  tube  temperature  of  1100°F  and  a tube  material 
of  heat  treated  4130  steel.  Although  an  average  flow  of  only  5$  of 
the  total  air  flow  passing  through  the  tubes  is  required  to  absorb 
the  required  heat  flow  from  the  surface  of  the  combustion  tubes 
(temperature  rise  of  only  130  degrees  In  this  external  air  flow), 
the  external  surface  area  of  the  combustion  tubes  Is  far  too  small 
to  transfer  the  required  heat  flow.  Designs  considering  tube 
finning  and  special  cross  flows  failed  by  a large  margin  to  allow 
external  air  cooling  of  a simple  metal  tube  to  be  considered  (particu- 
larly In  the  region  of  the  tube  exits). 

Regenerative  fuel  cooling  of  the  ^130  tubes  was^then  considered. 

The  maximum  allowable  wall  temperature  is  low  as  local  fuel  vapor- 
ization must  be  prevented.  Under  this  condition,  the  required  heat 
absorption  by  the  fuel  is  about  three  times  the  amount  that  may  be 
I absorbed  by  the  fuel  without  vaporization  at  reasonably  high 
pressures  (<^350  psi).  Recirculation  of  the  fuel  to  an  Inlet ( air  heat 
I exchanger  was  not  attractive  on  the  basis  of  the  trapped  fuel  ’ and  heat 
! exchanger  weights  as  well  as  the  large  pump  requirements  and  general 
I design  engineering  complexity. 

I 

Composite  .metal-ceramic  structures  ..ere  considered  In  order  to 
reduce  the  required  heat  flow  to  an  external  cooling  air  flow.  A 
fundamental  difficulty  exists  In  the  proper  distribution  of  stresses 
with  large  changes  In  operating  temperature.  The  mean  expansion  of 
the  metal  tube  surrounding  a ceramic  liner  could  be  matched  (at 
least  In  theory)  for  one  temperature  profile  but  not  for  another. 

Enamel- type  coatings  aopear  to  be  temperature  limited  to  about  1800°F 
top  operational  temperature  at  the  present,  and  are  consequently 
unsuitable  In  this  application. 

A structure  containing  both  a cooled  and  uncooled  portion  was 
given  some  thought.  As  compressive  strengths  of  many  materials  are 
much  greater  than  their  tensile  strengths  (particularly  at  high 
temperature),  an  uncooled  combustion  tube  was  considered  to  be  external- 
ly pressurized  by  high  pressure  air  contained  in  a surrounding  metal 
tube.  The  surrounding  metal  tube  was  cooled  by  a small  external  air 
flow  as  the  heat  flow  to  the  metal  from  the  uncooled  inner  tube  may 
be  shown  to  be  quite  small.  The  buckling  strength  of  the  Inner  uncooled 
tube  was  computed  by  formulae  given  by  R.  G.  Sturn  (Reference  16)  or 
S.  B.  Batdorf  (Reference  17).  Such  a composite  structure  actually  gave 
minimum  total  tube  weights,  but  the  scheme  appears  undesirable  on  the 
basis  of  the  mechanical  attachment  complexity  of  pressurizing  lines 
and  difficulty  of  insuring  reasonable  stable  leakproof  operation  on 
the  high  pressure  air.  In  addition,  some  source  of  high  pressure 
air  or  gas  Is  required. 


- 1?4 


tlCUWfTT  m*P*MAT!r>N 


siCJRnv  mr  n- 


RESTRICTED 


PkEPAk'FD  BV 

AEROPHYSICS  DEVELOPMENT  CORPORATION  ; 

REPORT  NO 

»nnn-i  -Ri 

PACIFIC  PALISADES,  CALIFORNIA 

DATE 

fan  24,1953 

CHECKED  BY 

Other  materials  considered  for  the  proposed  cooled  structure 
present  fundamentally  t.ie  same  problems  as  in  the  case  of  4130. 
bince  it  Is  ueslrod  to  have  very  high  comoustion  chamber  temperatures, 
improvement  in  the  material  'properties  at  2000°F  level  does  not  mean 
too  much  in  this  design. 

m . 3 Uncooled  Tube  Structures  - General 


A combustion  tuoo  structuro  composed  of  uncoolod  tubes  caoable 
of  takin  ; tne  required  pressure  loads  at  high  temoeraturo  would  be 
desirable.  A reviev;  of  t.;e  .■•u.terlul  properties  of  uncooled  tube 
mat  rial  follows  and  is  riven  in  Taole  12. 

.irconium  Boride  Plus  nickel  (Rorolite)  appears  to  be  the  most 
su ‘ table  material  exeunt  that  it  is  presently  being  made  on  only  a 
small  scale.  (Reference  IB).  However,  it  is  oxidation-resistant  at 
very  hi  gh  te men- cure,  has  i ,ne  excellent  run cure  strength  of  100,000 
psl  at  2400°F,  and  is  very  thorna3>shock-resis tant . Rupture  strength  ' 
represent  a co  :binod  effect  of  co  mroosive  and  tensile  stren  gths, 
and  it  m..y  o that  thu  tensile  strength  Is  considerably  less  than  the 
run cure  strength.  However,  c on  20,000  psi  pensile  strength  at 
2400°F  would  be  most  excellent.  The  thermal  conductivity  of  zircon- 
ium oorido  is  In  the  ranee  of  tie  allow  steels  a u its  density  is 
only  two- thirds  that  of  steel.  Gx  >eriment3  which  plunge  samples 
| heated  to  4710°F  into  water  with  no  material  fracture  demonstrate 
I its  excellent  thermal  shock  iro.n.rties . This  .manorial  is  iresently 
j lir.iltou  to  a taicknoss  to  diameter  ratio  of  a for  a ono-half  inch 
I.O.  tube  fiv^  inches  long  out  thinner  wall  thicknesses  may  be  pos- 
sible in  the  future,  fresently  lacking,  is  information  on  its 
elastic  modulus,  ex  w.  ns  ion  coefficient,  specific  heat,  and  creep 
strength  data  up  to  hi  h temperatures. 

Metamic  (LT-1),  (Ref'-rence  19)  although  possibly  quite  weak  at 
3000°P,  shows  good  tensile  strength  at  2400oF  of  about  3200  psi. 

In  addition,  the  tnerm  d and  mechanical  shock  stability  of  Metamic 
appears  to  be  quite  ■ ood.  dimensional  tolerances  of  cast  pieces  are 
quite  ooor,  however,  and  tub* s of  this  material  used  in  the  Multi-Jet 
engine  would  have  to  be  cast  oversize  and  machined  to  the  correct 
size.  Cost  of  this  material  is  low,  hov.over,  in  comparison  to  Baro- 
lite,  Coated  Molybdenum,  or  Kennametal  -nd  machining  may  be  easily 
accomplished  by  carbide  tools.  Allowance  must  be  made  in  any  assembly 
for  an  appreciable  thermal  expansion.  . e tunic  -ill  oxidi/.e  at  high 
temperature  cut  the  oxide  Is  adherent  aid  protects  fcho  b,se  structure. 
The  s tress-runture  time  curves  for  this  material  are  not  known  but 
"ith  trie  ceramic-mct.  1 composition  should  be  reasonably  good. 

Graphite  has  excellent  thermal  shock  properties,  but  is  low  in 
thermal  strength  ;nd  oxidises  in  -ir  above  700°F.  However,  graphite 
incivus-  a in  tensile  3trcn,  th  and  in  elastic  moaulus  with  an  increase 
in  temperature  up  to  about  45uO°F,  (See  References  (20),  (21).  In 
addition,  it  is  known  that  graphite  c. n bo  coated  with  molybdenum 
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aisilicido  or  silicon  carbide  to  form  a thin,  oxidation-resistant 
coating  wh:tci'  is  adherent  over  a.  wide  temperature  range.  The  moly- 
bdenum disilicide  coating  is  less  rough  than  the  silicon  carbide 
coating.  A design  tensilo  strength  of  3000  psl  may  be  considered  at 
high  temperatures  for  a graphite  structure  similar*  to  m3?  of  the 
iiational  Carbon  Company.  Such  a structure  appears  'theoretically 
feasible  for  the  design  of  the  hnlti-Jet  engine,  Tho  required  wall 
thickness  to  diameter  and  length  ratios  are  loss  then  those  oasily 
available,  put  thicker  pieces  could  oo  :oldod  arid  turned  down  to  the 
roquirod  thickness.  The  coudn  ;s  on  individual  tubes  and  thoir 
stronjth  could  bo  tested  before  as sen ply  and  defective  tubes  discard- 
ed. 


Graohltar  is  the  traao  name  of  the  U.  d.  Ora.ihito  Company  for 
their  raphite-cerbon  mixtures.  A v iae  ran  e of  nut;  rial  pro  perties 
may  bo  achieved,  out  tho  largest  values  of  tensilo  strength  are 
obtained  on  tiro  surest  radii ce  samples.  Lower  tnormul  conductivity 
may  bo  obtained  ay  the  audition  of  c arson  ./1th  a sacrifice  in  thermal 
strength,  Graphite-car ion  >odies  offer  no  theoretical  advantage  for 
use  as  uncooled  comoustion  tuoos  as  compared  to  euro  .r. .unite  bodies. 

> 

Stabilized  -irconium  Oxide  <c?f  tue  Norton  Company  (Koferonce  22) 
apparently  lias  many  aesiraolb  ird  >ertles  for  use  at  high  temperatures, 
out  it  is  dubious  t.*afc  it  is  sufficiently  thermal  shock  resistant  as 
its  thermal  conductivity  a.iu  specific  heat  are  low.  in  addition, 
it  seems  t iut  it  would  be  difficult  to  obtain  thin  ’"all  tubes. 


Carbofrax  ( 05, j Silicon  Caroide)  (deference  23)  has  an  excellent 
thermal  conductivity  although  its  maximum  modulus  of  rupture  ?s 

tl25  :)3i  iatnS460  ^ * Consequently , its  tensile  stron  th  must  be 
less  than  one-half  of  this  value  as  tire  compressive  strength  of 
caroofrax  is  known  to  be  m;ch  higher  than  tue  tensUo  stren  th. 
he v t r the loss,  Caroolrax  does  not  oxidize  and  its  coefficient  of 
thermal  expansion  is  quite  low.  nt  OI 


.ner4t*pa,i^  (A“2417}  is  lithiun,‘  alu'nno-silicato  material  - -Uh  a 

OMt  “iortaf  -wTn  “X|’u’slo!’  lov,<;f  oven  quartz..  It  is  a low 

°t  aoos  wkih f'L  A rtt“°  d-..on»loaaUy  accurate,  although 
about  'isoop  '*  ’ 1 3tron‘'tn  10  not  very  ui.;h  and  It  colts  at 


;\lu"ina.  has  ralr  strength  up  to  ni  a tuti,)er- cures,  out  Its 
thermal  snocic  properties  arc  ,uito  poor. 

l O" , r,Ko^in^m  fi.,i,ears  to  fc  a very  useful  material  at  2000°P  and 

at"8400O  l,d  LSw?#S*rU'>v',PO  ilM  curVe*  ’reoludo  its  consideration 


Molybdenum  has  be- on  successfully  coated  with  nolvbaonu-  dslHMr' 
to  ,lvc  a protection  from  oxidation  or  u«  to  00  ho^s  at  25^0.“ 
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However,  in  addition  to  ,eing  a very  heavy  material,  a>*in,  stress- 
rupture  ti  ;o  curves  arc  not  known  for  t .is  material  at  high  tempera- 
tures. However,  chore  is  a jnssioility  if  some  increase  in  conbustioij 
tube  v.'oi  iiu  tug  be  tolerated  that  coatod  molybdenum  tubos  may  be  used 


in  'ulli-Job. 


quartz  tunes  are  qui  ce  econo  mical  ana  con, la  ,g  used  as  combustior 
tu  es  except  that  their  tensile  strength  is  very  poor. 


The  strength 
quite  remarkable . 


of  1270  psi 
cc  icnt s are 
surf a c s at 


of  some  of  the  refractory  c orients  available  are 
Adamant  Fire  Hricl:  Cement  has  a bonding  strength 
at  ::C00°F  with  fire  brick.  This  conont  ana  chrome  rased 
available  which  show  rood  strengths  bonding  to  metal 
to  ; boraturos  oven  above  2000°!’. 


A now  synthetic  fiber,  Finerfrax,  a ipoars  to  bo  useful  for  ther- 
mal insulation  ana  packing  to  ri  laly  hold  hi gh  tempera  t.u’o  tu  es 
up  to  tomporatur,  s of  2500°F.  A resilient  3hock  ufosoroin- ; me  burial 
'which  may  do  used  to  allow  thermal  expansion  mu  contraction  of  solid 
pioces  is  a welcome  addition  to  tire  latoriuls  available  for  hi  :h  tem- 
perature v ork  abovo  2000°F.  Refrasil  of  II.  I.  Thompson  Jo.  and  a 
fibor  In  Johns  Uun'illo  blankots  snow  less  thormal  conductivity  for 
a : riven  packing  density  than  Fioorfrax,  but  those  materials  are  lim- 
ited to  a maximum  continuous  operatin',  temperature  of  1300°?.  Figure 
[ 102  ivos  a comparison  of  the  thermal  conductivity  versus  temperature 
! insulating  materials. 


J . 4 Thermal  Shock  Considerations 

As  thormal  shock  properties  often  aopoar  to  me  critical  in  the 
do s inn  of  tie  uncoolod  combustion  tubes  for  toe  llulti-Jet  engine, 
a review  was  made  of  existing  thermal  shock  or  stross  theory.  An 
article  my  C.  U.  Cheng  (Hoforence  24)  shows  good  correlation  between 
theory  anu  experiment  concerning  thS  thermal  shock  failure  of  flat 
plates.  Timoshenko  (Reference  25)  gives  a thermal  stress  analysis  for 
tubes  as  ’-oil  as  flat  plate3  that  does  not  analyse  in  detail  the 
temperature  gradients  that  result  as  a consquenco  of  the  resistance 
factor  (R  - k/hb)  as  shown  by  Cheng,  but  formulates  the  thermal  stress 
equation  to  allow  t to  uotermination  of  stresses  for  any  assumed  or 
calculated  tomnorature  gradient.  IIov:  transient  boat  transfer  charts 
(Reference  26)  allov.'  the  temperature  --rofile  in  a material  to  bo 
determined  readily  so  that  an  a proximate  conservative  tor.poraturo 
difference  Is  obtained  for  use  in  Timoshenko( s formula  for  thin  vail 
tubos: 


6 E AT 

T(h^d 


<r  Z thermal  stross  - psi 

€i  z thermal  expansion  coefficient  = 
inches/ inch/°F 

£ 2 Modulus  of  elasticity  s psi 
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AT  - Temperature  difference  - °F 

nr  - Poisson’s  Ratio  s dimensionless 

Tiio  tube  tensile  strength  at  fcho  local  tomperaturo  must  t>  greater 
than  t.hc  thermal  stress  to  prevent  fracture. 

?i; ;uro  103  yivos  representative  temperature  and  stress  profiles 
in  an  uncoolod  tuoe  wall  as  determined  by  the  flight  condition.  It 
may  b«  perceived  that  the  most  critical  timraal  stress  will  exist  in 
a tube  v'all  at  the  cessation  of  comoustion  at  t e highest  fli  fit 
3 peed  and  lowest  altitude.  Thf  thicker  the  tuo<-  wall,  the  larger 
na;  bo  ohc  maxi  -.urn  internal  tube  pressure,  as  yiven  by  the  convon- 
tl  ;r.al  hooo  stress  formula  for  thin  tubes: 


A P 
t 


= Tensile  stress  ■ psi 
z Tube  radius  s inches 

- Tuoe  thickness  - inches 

- Pressure*  uifferontlal  across  tuoe 

all  s "psi 


However,  the  thicker  the  tuoe  wall,  the  . renter  ..'ill  be  t e jomo-.r- 
atu-c-  uifference,  A T,  upon  startin  , and  stoopin  combustion  vi  th 
resulting  yroatcr  cnermul  stresses.  Upon  cessation  of  comoustion  in 
an  uncoolod  tuoe,  the  outer  tuoe  floors  at  hiyh  temperature  arc  put 
into  compression  as  the  inner  tube  fibers  seek  to  contract  upon  cool- 
ing and  aro  prevented  because  of  adheronce  to  the  outer  tube  fibers. 
Thus  the  inner  tuoe  fibers  ~rc  put  into  tension  at  an  initially  hiyh 
temperature.  Upon  he;  tiny  the  tubas  initially  by  the  combustion,  the 
inner  tuoe  fibers  ye  out  into  co  m >ressiont  the  initially  cold  outer 
tube  fibers  in  tension.  The  uifference  in  the  material  temper aturo 
lovel  should  mako  t’ao  cessation  of  combustion  case  the  most  critical* 

Table  12  summarizes  available  information  on  various  hiyh  tem- 
perature materials.  It  is  oovious  that  more  information  is  roquired 
to  accurately  evaluate  comoustion  tube  material  on  a theoretical 
basis  as  to  thermal  stressing.  However,  usiny  this  information  and 
makiny  educated  yuosses  of  the  unlcnown  quantities,  the  calculation 
of  approximate  re juired  tube  thickness  and  thermal  stress  as  a 
strinyent  coollny  requirement  is  allowed.  The  results  of  these  cal- 
culations are  presented  in  Taole  13.  Charts  for  transient  heat 
transfer  in  flat  plates  were  used  to  uotormine  the  maximum  thermal 
stress  in  the  tube  '.all,  {Soo  Reference  2G).  For  the  present  wall 
thickness  to  diameter  ratios  used,  tuis  is  a t,oou  approximation.  The 
temperature  profile  versus  radius  was  th»'n  plotted  anu  the  to  apora- 
turo  uifference  obtained.  Timoshonko( s formula  was  then  used  to 
obtain  the  maximum  stresses  (Reference  25).  It  is  believed  that  the 
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calculations  are  eonsei*vative,  by  a rather  large  factor,  as  some 
Material  variations  in  specific  heat  ana  thermal  conductivity  with 
temperature  gradients  caused  oy  preheating  of  boundary  layor  air  oy 
the  proceeding  tube  areas  and  an  intermittent  air  flow  (flow  occurs 
only  50;J  of  the  time,  whereas  steady  stato  flow  has  been  assumed  in 
the  thermal  stress  calculation).  Prom  Table  13,  it  is  perceived  that 
only  gra unite  or  zirconium  Boride  plus  nickel  may  be  considered  in 
this  application  on  the  oasis  of  cne  thermal  shock  calculations. 
Thermal  shock  calculations  for  silicon  carbide,  Met  ami  c LT-1,  find 
•Tentanium  K-151A  were  not  maue  at  3000°?,  ;.s  their  properties  are 
not  sufficiently  rood  to  warrant  serious  consideration  at  such  a 
hi:.h  t e :Oi.ratur  . 


As  a sample  of  the  calculations  that  were  made,  the  following, 
using  hictumic  LT-1  tube  material,  arc  representative,  determine  the 
t ;erMal  stress  in  one  inch*  I.  d.  ..ictamic  tube  upon  cooling  from  a 


< UP  >.! 


;o  . >i.r-.  far*.  of  240G°F  with  cess.-tlon  of  comoustion  at  the  maxi- 


mum helicopter  rotor  flight  huch  Number  of  .75. 


Maximum  tuuo  pressure  ivlG  *0.75  and  a comoustion  temperature  of 
550 0°F  if  (12.3  mo)  z (12.5)  (14.7)  - 130  psia,  Ap  z 465  psig. 


Considering,  a uosiL>n  tube  tensile  strength  of  725  psi  at  2400 °F 
(,.  combustion  :as  torn/-  rature  of  2500°F  corroo oonds  to  a maximum 
oossiblo  moan  ••.oil  temoer.-.turo  of  2400°F  at  the  tube  exit— lower 
u.i  - 11  t.-  ••  tor:  s a"e  oht  ineu  at  the  tu  m 'nlot  and  short  time 

tensile  strength  of  tunic  LT-1  is  3300  osi  2400°F) 


-fc  = **0  114*  inches 


<T  7£5" 

The  average  heat  transfer  coefficient  of  the  wall  to  the  cooling  air 
must  o«.  determined. 


u _ bfca,  <5.0396  fej) 

n~  ~D~  'JJ^TF^r, 


SA 

(l-  '/«,) 


Consider  inlet  air  temooruturo  * 120°F  0Mo  - .75 
exit  air  temperature  = 000°F 
Average  Pr  - .08 
Average  Jk  = .024  BTU/hr/f t/°F 


Nov/  under  comoustion  conditions,  the  inlet  flow  velocity  is  higher 
than  without  combustion  due  to  the  under-pres3uriza tion  of  the  tube 
caus-d  by  the  momentum  of  the  exit  flow  when  started  initially  at  the 
high  combustion  pressure  level.  The  design  inlet  flow  velocity  is 
Mp  s0»6  undor  combustion  conditions.  Without  combustion,  it  may  be 
conservatively  assumed 

K|  = 0*3  Or  Ut^X'25-O).  375  ft/sec. 
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Therefore 
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~ [ig  <■  15- - ">*)  '*  0-  *,) 
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considering  the  flow  for  50%  of  the  time,  tho  mean  value  is  h 
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if  approximately  the  snort  time  tensile  3 tran-ixi  of  hotwnic 
Li-1  at  2400  F.  However,  a number  of  conuitions  would  exist  in 
actual  operation  "hich  make  the  above  calculation  .juite  -cssimistic. 
t*18  assumed  flight  Mach  riunbt-.  r would  decrease  rapidly  if  combustion 
snould  cease  in  an  «n,;ine  on  ‘a  helicopter  rotor.  Also,  no  allowance 
’.as  made  for  the  longitudinal  temper uture  'aria cion  that  ould  norm- 
ally exist  in  the  tuoes  in  regular  ouoration— this  would  make  the 
inlet  end  of  tho  tuoe  much  cooler  than  the  exit  end.  In  addition,  the 
boundary  layer  hoatin^  of  tho  inlet  flow  would  decrease  the  maximum 
temperature  differential  betweon  tiie  coolin**  air  and  tho  tube.  Thus, 
it  is  concluded  that  the  wotanic  LT-1  material  co-.au  b<.  saftay  used 
on  ohe  oasis  of  vnernsl  snoclc  in  the  holicorcor  rotor  up  -lication 


o * «75  at  tho  2500°F  combustion  yu 3 temperature  level. 
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SECTION  IX 
EXPERIMENTAL  RESULTS 


It  was  necessary  In  the  preliminary  Multi-Jet  engine  design  to 
make  a number  of  educated  guesses  or  assumptions  on  certain  material 
properties  and  cycle  operational  techniques . A small  scale  effort 
appeared  necessary  to  prove  these  assumptions  or  indicate  more  appro- 
priate designs.  In  particular,  more  information  on  what  materials  in 
the  form  of  tubes  could  be  used  at  very  high  temperatures  was  re- 
quired, what  minimum  surface  ignition  temperatures  are  possible,  what 
range  of  fuel-air  ratios  are  possible  in  a rotary  valve  engine,  and 
some  idea  of  the  minimum  combustion  tube  length,  minimum  combustion 
time  and  rotary  valve  speed  to  obtain  efficient  combustion.  Conse- 
quently, an  apparatus  was  constructed  for  steady  state  and  pulsating 
(rotary  valve)  combustion  and  was  tested  during  the  last  three  months 
of  the  contract.  It  was  not  intended  that  this  apparatus  give 
precise  quantitative  measurements  of  thrust  and  fuel  consumption  to 
be  applied  to  the  Multi-Jet.  (The  contractual  studies  consisted 
mainly  of  preliminary  design  and  analysis  of  the  cycle  of  operation.) 
However,  operation  of  this  simple  apparatus  did  allow  a greater 
appreciation  of  the  nroblems  involved  in  rotary  valve  engines  and 
shoi'ld  enable  the  test  engineers  to  design  and  test,  in  a less  time 
and  money  consuming  fashion,  a rotary  valve  engine. 


The  air  supply  consisted  of  a small  air  compressor  and  storage 
tank  of  15  cu.ft.  capacity  which  held  air  at  a maximum  pressure  of 
175  psig.  This  air  was  throttled  by  a manual  control  valve  (as  shown 
in  Figure  104  and  discharged  into  a twenty  foot  length  of  two  inch 
pipe.  Here  the  inlet  air  temperature,  pressure,  and  flow  was 
measured.  The  flow  measurement  was  made  by  means  of  a standard 
orifice  plate  with  flange  taps  and  a water  manometer.  A mercury 
thermometer  was  used  to  measure  the  air  temperature  and  was  held  in 
the  pipe  by  means  of  a packing  gland  and  nut.  The  inlet  air  total 
pressure  was  measured  by  either  a water  manometer,  an  acetlyene 
tetrabromide  manometer  or  a pressure  gauge. 


Ethylene  was  used  as  fuel  in  these  tests  and  had  the  following 
composition: 


96%  c2h4 

1%  C2H2 

1 to  Z%  03!% 

1%  CH4 
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A length  of  capillary  tubing  (narked  needle  Jet  on  Figure  104)  was 
used  as  a flow  measuring  device  on  the  fuel  flow.  The  capillary  I 

pressure  differential  and  absolute  upstream  pressure  of  the  fuel  was 
used  to  calibrate  the  capillary  tubing  by  measuring  the  volume  dis- 
placement of  a brine  solution  at  various  flow  rates.  A home-made  tube 
preheater  was  constructed  in  a two  inoh  pipe  tee.  This  consisted  of 
an  additional  ethylene  Jet,  a small  flaraeholder  and  spark  ignitor  as 
shown  in  Figure  104.  A model  airplane  ignition  coil,  dry  cells, 
switch,  and  ceramic  lead  in  plug  were  used  in  the  ignitor.  The  pre- 
heater functioned  over  a wide  range  of  inlet  air  velocities  to  the 
combustion  tube  as  the  velocities  in  the  two  inch  tee  were  quite  low. 

A picture  of  the  tee  and  the  two  fuel  valves  is  shown  on  Figure  120. 
When  it  was  desired,  the  preheater  was  closed  off  by  closing  the 
valve  on  its  line  and  the  calibrated  fuel  flow  through  the  needle  Jet 
was  used  in  the  experiments . The  preheater  flame  holder  and  the  cali- 
brated needle  Jet  is  shown  on  Figure  121flWw)ptgure  104  shows  schematic- 
ally the  arrangement  used  on  the  steady  state  surface  combustion  tests. 
The  combustion  tube  was  generally  mounted  in  a holder  and  held  in 
place  by  ceramic  cement  and  a high  temperature  fiber  insulation. 
Platinum  and  platinum  with  13 % Khodlum  thermocouples  were  used  along 
the  wall  and  in  the  exhaust  stream  with  the  temperatures  taken  from 
calibrated  mill ivoltme ter s . The  thermocouple  used  in  the  exhaust 
gas  stream  was  corrected  for  the  radiation  and  conduction  error  using 
charts  given  In  P.eference  27.  A smooth  convergent  nozzle  was  used 
which  had  the  same  outlet  I.D.  as  the  combustion  tube  being  tested. 

The  Internal  diameter  of  the  tubes  tested  was-  approximately  £ inch 
i In  diameter. 

Figure  105  shows  schematically  the  rotary  valve  combustion  tube 
arrangement.  Figure  106  shows  the  actual  test  layout.  The  air  and 
fuel  inlets  remained  essentially  the  same  as  in  steady  state  com- 
bustion (a  greater  mixing  length  was  allowed  before  tbe  rotary  valve), 
and  the  combustion  tube  was  inserted  in  a rigid  fashion  between  two 
rotary  valve  plates.  An  exploded  view  of  the  rotary  valve  is  given 
in  Figure  107.  The  rotary  valves  consisted  of  four  slots  at  the 
same  radius  having  openings  slightly  larger  than  the  Internal  diameter 
of  the  tube  being  tested.  The  inlet  and  exit  rotary  valve  plates  are 
keyed  to  the  same  shaft  which  is  driven  by  a 3/4  horsepower  motor 
through  a variable  speed  drive.  The  operating  rpm  could  be  varied 
from  2300  to  5500  by  this  arrangement,  all  the  plates  were  milled 
flat  and  valve  clearances  were  obtained  by  the  use  of  shim  stock. 

The  angular  position  of  the  slots  on  the  exit  valve  was  set  a'*  in- 
dicated by  theory  with  respect  to  the  slots  on  the  inlet  valve. 

Figure  108  shows  the  rotary  valve  installation  with  a crude 
thrust  plate  which  was  used  to  get  approximate  exit  thrust  measure- 
ments. The  suspended  thrust  plate  was  constructed  of  an  empty  paint 
can  whloh  essentially  changes  the  direction  of  exit  flow  through 
ninety  degrees.  A spring  balanoe  was  moved  when  taking  a measurement 
to  hold  the  thrust  plate  in  a fixed  position.  The  lever  system 
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magnified  the  thrust  obtained  by  a factor  of  three.  Calibration  of 
the  thrust  plate  with  steady  flow  (no  combustion  ;nd  flow  exit 
velocity  calculated  from  measured  chamber  pressure)  Indicated  the 
thrust  plate  was  -jccurate  1 10Jf  over  the  range  of  measurement. 

9 .3  grooertles  of  Tested  Materials 

The  possible  delivery  dates  prevented  the  testing  of  tubes  of 
Borolite,  Cnrbofrax,  Kentanlum  K 151-A,  Coated  Molybdenum,  and  Fused 
Stabilized  irconia.  Those  materials  tested  in  a tube  form  were 
Enameled  Steel,  Alumina,  Fused  Translucent  Quartz,  Stupalith  A241?, 
Graphite,  and  Metamic  LT-1.  Figure  109  indicates  the  installation 
method  used  in  the  steady  flow  surface  combustion  tests  and  Figure 
110  siyows  the  insulated  quartz  tube  mounted  in  place  ready  for  test- 
ing. 


The  enameled  steel  tubes  — both  with  the  Solar  Aircraft  and 
the  California  Metal  Enameling  Company  coatings  were  unchanged  as 
long  as  metal  temperatures  did  not  exceed  2000°F.  At  higher  tempera- 
tures, the  ceramics  cracked  off  easily  and  the  steel  oxidized  rapidly. 
The  enameled  steel  tubes  cooled  off  rapidly  after  preheating  and 
surface  ignition  and  the  subsequent  combustion  could  only  be  main- 
tained in  an  insulated  12  inch  long  tube  for  less  than  a minute  at 
relatively  low  inlet  flow  velocities  — $0  feet  per  second. 

Much  longer  times  were  possible  for  surface  ignition  and  com- 
bustion with  the  high  percentage  alumina  tubes  {>96%).  However, 
this  material  had  to  be  preheated  and  cooled  quite  carefully  to 
prevent  cracking  due  to  thermal  shock.  Figure  111  shows  the  typical 
thermal  shock  fracture  obtained  in  cooling  and  alumina  tube  a little 
too  rapidly.  Ignition  and  surface  combustion  at  inlet  velocities  to 
150  feet  ner  second  was  possible  in  this  tube  when  the  initial  tube 
temperature  was  2000°F. 

Both  translucent  and  transparent  quartz  tubes  were  tested  in  an 
insulated  as  well  as  a non- insulated  condition.  These  tubes  cooled 
rapidly  after  preheating  and  surface  ignition  and  subsequent  com- 
bustion could  be  maintained  for  only  a minute  or  two  at  low  inlet 
flow  velocities  feet/sec)  even  in  ttyi  insulated  case.  Tests 

with  the  transparent  non- insulated  quartz  tubes  indicated  conclusively 
that  ignition  started  at  the  surface  of  the  tube  and  spread  rapidly  to 
the  rest  of  the  mixture  at  a rate  chiefly  dependent  on  the  inlet  flow 
velocity  (to  a lessor  extent  dependent  on  the  fuel-air  ratio).  The 
quartz  material  has  low  strength  and  Figure  112  shows  a typical  ex- 
panded quartz  tube  after  a steady  flow  surface  combustion  test.  A 
periodic  pulsating  combustion  occurred  in  this  test  as  well  as  many 
others  which  will  be  described  and  explained  in  more  detail  later. 

A Stupalith  ceramic  — A2417  — was  used  in  a number  of  the  tests 
with  considerable  success  as  long  as  wall  temperatures  less  than 
2300°F  were  obtained.  This  material  would  support  surface  combustion 
at  high  inlet  flow  velocities  un  to  150  feet  per  second  for  a consid- 
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erable  time  (several  minutes— 12  Inch  length)  but  would  melt  easily 
as  shown  by  Figure  113  If  2300°F  was  exceeded.  This  material  had 
excellent  thermal  shock  properties. 

Graphite  (AGX  Grade  of  National  Carbon  Co.)  was  fabricated  Into 
tubes  from  rods  by  the  Aerophyslcs  Development  Company.  No  difficul- 
ty was  experienced  In  obtaining  a one-sixteenth  Inch  wall  with  a one- 
half  inch  internal  diameter.  The  graphite  did  not  burn  appreciably 
In  the  air  flow  even  when  preheated  to  2400°F  but  upon  injecting  fuel 
and  using  surface  combustion,  the  graphite  burned  slowly  away  (5 
minutes).  See  Figure  114.  Very  high  inlet  velocities  (*te230  ft/sec) 
were  possible  with  surface  combustion  In  graphite  tubes.  Thermal 
choking  at  the  tube  exit  limited  the  possible  inlet  flow  velocity  to 
this  tube. 

An  attempt  was  made  to  coat  several  graphite  tubes  with  a layer 
of  silicon  carbide  to  prevent  oxidation  of  the  graphite  when  operating 
with  surface  combustion.  The  two  upper  tubes  on  Figure  122  are(r*CE2* 
coated,  the  lower  tube  Is  uncoated  pure  carbon  tube.  The  graphite 
tubes  were  dipped  into  the  following  composition: 

20C  parts  silicon  powder  (200  mesh  and  finer) 

450  parts  No.  1945  3eckosol  oolutlon  (resin) 

150  parts  Mineral  Spirits 

The  coated  tubes  were  allowed  to  air  dry  for  48  hours  and  then  were 
heated  rapidly  to  2600°F  in  a helium  atmosphere,  and  held  at  this 
temperature  for  15  minutes . These  tubes  when  tested  lasted  up  to 
one-half  hour  with  surface  combustion  thus  showing  a considerable 
life  increase  over  the  unooated  tubes.  Time  was  not  available  to 
make  additional  tests  before  the  end  of  the  current  contract.  There 
Is  good  reason  to  believe  that  If  the  tubes  were  heated  more  slowly 
and  possibly  to  a higher  temperature  that  a muoh  more  adherent  bond 
would  be  produced  on  the  tube  surface.  The  resin  bond  carbonizes 
easily,  tut  graphltlzation  of  this  carbon  will  not  ordinarily  occur 
under  temperatures  of  3100°F  (heference  28).  A silicon  carbide 
layer  apparently  will  form  at  about  2500OF  between  silicon  and  car- 
bon. In  addition,  e stronger  finer  grade  of  grauhite  than  AGX  may 
be  utilized.  Investigators  at  the  Battelle  Memorial  Institute  have 
succeeded  in  coating  graphite  with  an  adherent  layer  of  molybdenum 
dislllclde.  However,  after  two  or  three  hours  at  3000°F,  the  molyb- 
denum dlslllclde  has  been  reoorted  to  convert  to  molybdenum  carbide 
which  oxidizes  quite  easily.  The  possible  life  of  a molybdenum 
dislllclde  coating  on  graphite  at  the  2500°F  temperature  level  is 
not  known  to  the  authors  of  this  report  but  should  be  one  of  the 
subjects  In  further  Investigation  of  high  temperature  combustion 
tubes . 
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Metanlc  LT-1  material  was  tested  In  the  form  of  a combustion 
tube  with  excellent  results.  Under  steady  flow,  surface  combustion 
occurred  (after  preheating)  for  several  minutes  with  tube  six  Inches 
long  with  inlet  velocities  up  to  100  feet  per  second.  There  was 
apparently  no  change  in  the  tube  dimensions  after  several  hours  of 
testing  at  various  fuel/alr  ratios  and  inlet  velocities.  On  some 
tests,  wall  temperatures  as  high  as  2900°  were  indicated.  The 
Metamic  tube  material  as  presently  made  is  not  dimensionally  accurate, 
the  tube  is  not  round  and  there  is  a noticeable  camber  in  its  length. 
(See  Figure  115)  In  order  to  stack  a large  number  of  tubes  in  a 
given  space,  such  Metamic  tubes  would  have  to  be  machined  to  size. 
However,  it  can  be  easily  worked  with  carbide  tools  so  that  although 
the  machining  costs  are  appreciable,  such  costs  may  not  be  prohibi- 
tive. 

Two  high  temperature  cements  supplied  by  the  Botfield  Refractor- 
ies Company  proved  highly  useful.  Adachrome  Plastic  Super-Cement 
adhered  exceptionally  well  to  metal  over  a wide  temperature  range 
and  was  used  mixed  with  Fiberfrax  as  a high  temperature  sealant 
between  tubes  and  their  holders.  It  apparently  has  excellent  thermal 
shock  properties  and  gives  no  evidence  of  spalling  or  erosion  in  high 
velocity  high  temperature  gas  streams.  Adamant  Fire  Brick  Cement  has 
an  excellent  high  temperature  bonding  strength  and  was  mixed  with 
Fiberfrax  and  cast  to  form  tubes  by  the  Aeronhysics  Development 
Corporation.  The  strength  of  the  composite  structures  thus  formed 
was  reasonable  and  it  is  believed  that  much  greater  strengths  would 
be  possible  by  casting  with  improved  techniques.  Such  composites 
may  provide  a very  economical  material  for  use  In  surface  combustion 
tube. 

Fiberfrax,  a ceramic  fiber,  has  proved  to  be  a very  useful 
insulating  and  resilient  material  for  use  at  high  temperatures. 

There  is  apparently  no  change  in  its  form  at  temperatures  up  to  at 
least  2500°F.  At  higher  temperatures  (^?3000°F)  it  apivirently  melts 
and  sinters  together.  For  example,  it  was  used  as  the  insulation 
around  the  graphite  tubes.  When  the  graphite  burned  away,  the 
cavity  formed  in  the  Fiberfrax  had  the  dimensions  of  the  graphite 
O.D.  and  graded  from  a melted  sintered  material  at  the  internal 
surface  to  the  unchanged  fiberous  material  a short  distance  from 
that  surface.  The  thermal  conductivity  of  Fiberfrax  though 
poorer  than  other  fibers  such  as  Refrasil  at  low  temperature  is 
still  quite  good  at  very  high  temperatures  long  after  Refrasil 
would  have  melted. 

It  appears  difficult  to  obtain  most  of  the  high  temperature 
tube  materials  with  wall  sections  as  thin  as  would  be  required  in 
the  Multi-Jet.  While  Metamic  or  graphite  may  be  machined  to  the 
desired  internal  diameter  to  wall  thickness  ratio  of  8 to  1,  most 
materials  considered  are  so  brittle  and./ hard  that  the  only  method 
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possible  for  shaping  thin  sections  would  be  to  use  ultrasonlo  vibra- 
tion as  the  Ultrasonlo  carving  maohlne  of  the  Cavltron  Equipment 
Corporation.  It  Is  not  known  how  feasible  this  method  would  be  from 
a production  time  and  cost  viewpoint,  but  if  aocurate  holes  in 
refractory  materials  can  be  ma4e  as* advertised,  the  possibility 
exists  of  using  a single  drilled  block  of  refractory  material  for 
the  engine  tube  structure.  Of  course,  the  possibility  also  exists 
of  casting  a refractory  such  as  Babcock  and  Wilcox  Kromeoast  or 
high  temperature  cements  In  a mold  with  suitable  hole  Inserts.  A 
block  structure  offers  important  advantages  over  a tube  structure 
in  regard  to  possible  tube  capture  area  per  unit  frontal  area. 

However,  the  possibility  of  a block  structure  depends  critically 
on  the  thermal  shock  properties  of  a given  material. 

9.4  Results  - Surface  Combustion  Testing 

It  was  determined  that  a minimum  wall  temperature  of  approximate- 
ly 1800°F  was  required  to  maintain  surface  ignition  of  fuel-air 
ratios  of  0.03  and  above  under  steady  flow  conditions.  Combustion 
with  fuel-air  ratios  below  0.3  would  blow  out  easily  at  relatively 
low  inlet  flow  velocities  (*3*50  ft/sec).  Material  composition 
apparently  had  little  or  no  effect  on  the  minimum  surface  ignition 
temperature  which  was  approximately  1800°F  for  all  tube  materials 
tested.  A fuel-air  ratio  of  .03  corresponds  to  a maximum  combustion 
temperature  of  2200°F  with  constant  pressure  combustion.  The  maximum 
possible  inlet  flow  velocities  were  limited  in  many  cases  by  thermal 
choking  of  the  exit  flow.  The  preheater  flame  is  shown  on  Figure 
123.  Steady  flow  surface  combustion  is  shown  on  Figure  124.CPR2o£+2Q^ 

An  Intermittent  combustion  phenomena  of  some  interest  occurred 
with  some  of  the  tubes  tested.  (Shown  schematically  in  Figure  116). 
Briefly,  with  surface  combustion  occurring,  under  steady  state  flow 
conditions,  the  surface  ignition  point  in  the  tube  with  the  tube 
cooling  will  gradually  recede  from  the  inlet  flow  end  until  a signifi- 
cant portion  of  the  mixture  is  not  burned  in  the  tube  (indicated  by 
the  exhaust  flame).  Then  in  the  exit  flow,  an  external  explosion 
apparently  may  take  place  whloh  causes  a flow  reversal  and  secondary 
combustion  of  the  completely  mixed  fuel  and  air  in  the  tube.  This 
allows  heating  of  the  walls  ahead  of  the  previous  Ignition  point. 

The  resulting  combustion  pressure  causes  the  flow  to  exit  rapidly 
until  once  again  an  explosion  of  a combustible  mixture  at  the  tube 
exit  may  oause  a flow  reversal  and  secondary  combustion.  This 
appears  to  the  observer  as  pulsating  oorabustlon  until  suddenly  the 
oombustion  occurs  smoothly  once  again.  The  wall  thermocouples 
indicate  that  during  the  pulsating  oombustion,  the  combustion  tube 
heats  up.  Evidently,  when  the  ignition,  of  the  fuel-air  mixture 
from  the  tube  surface  is  far  enough  upstream,  the  oombustion  of  the 
mixture  is  completed  before  leaving  the  tube.  Thus  no  pulsation  can 
be  obtained  from  the  exhaust  gas  flow.  Such  an  intermittent  combus- 
tion technique  is  of  interest  as  another  approach  to  the  problem  of 
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preheating  the  surface  combustion  tubes.  The  mean  tube  Inlet  flow 
veloolty  varied  over  a range  of  about  50  to  100  ft/see  with  tests 
on  one-half  inch  X.  D.  tubes  six  and  twelve  Inches  long. 


A few  tests  were  made  with  an  uncooled  rotary  valve  using  sur- 
face combustion  tubes.  (Figure  117).  After  preheating  the  tube,  the  - 
preheater  was  shut  off  and  the  needle  Jet  turned  on.  Then  the  motor 
accelerated  the  rotary  valve  to  a high  rpm.  It  was  found  that  al- 
though the  inlet  air  supply  valve  was  unchanged  during  this  procedure, 
the  differential  on  the  water  manometer  measuring  the  air  flow  (ori- 
fice plate  and  flange  taps)  increased  to  a figure  three  to  five  times 
the  previous  differential  reading.  The  inlet  air  supply  valve  Is 
essentially  a critical  flow  orlfioe  (upstream  pressure  muoh  larger 
than  twice  the  downstream  pressure)  so  that  the  actual  air  flow 
would  decrease  as  the  supply  pressure  decreased  during  the  run.  Con- 
sequently, the  air  flow  was  determined  before  and  after  a combustion 
test  under  steady  flow  conditions,  the  inlet  air  supply  valve  being 
unchanged  over  this  time.  The  magnitude  of  the  change  in  the 
indicated  reading  of  orifice  plate  manometer  was  quite  surprising  to 
the  authors  of  this  report. 

Due  to  the  available  time  for  testing,  only  six  lnoh  long  tubes 
were  tested.  The  tube  wall  temperature  was  maintained  with  rotary 
valve  combustion  for  durations  many  times  that  possible  under  steady 
flow  combustion  under  the  same  inlet  conditions.  With  the  six  inch 
long  Metamio  tube,  combustion  in  one  test  was  maintained  at  a mean 
inlet  flow  velocity  of  190  ft/sed,  a minimum  fuel/alr  ratio  of  .022 
and  a valve  rpm  of  2300  for  a duration  of  many  minutes  before  the 
thrust  level  dropped  appreciably  (showing  tube  had  cooled  sufficiently 
and  could  not  provide  ignition).  The  maximum  inlet  velocity  for  the 
steady  flow  surface  oombustlon  case  with  a six  inch  Metamic  tube 
was  about  100  feet  per  second  at  a minimum  fuel/alr  ratio  of  approxi- 
mately .03.  It  Is  interesting  to  note  that  a fuel-air  ratio  of  .022 
under  constant  volume  combustion  gives  substantially  the  same 
temperature  rise  as  .03  under  constant  pressure  combustion  (**?140°F) . 
Thus,  it  is  apparently  possible  to  operate  at  significantly  lower 
fuel-air  ratios  with  rotary  valve  combustion  and  at  much  higher  mean 
inlet  flow  velocities  than  with  steady  flow  surface  oombustlon.  It 
is  believed  that  somewhat  longer  tubes  would  maintain  their  wall 
temperatures  Indefinitely,  and  of  course  the  percentage  heat  loss  from 
a multiple  tube  structure  would  be  mwoh  less.  Other  tubes  such  as 
quartz,  Stupallth,  and  enameled  steel  cooled  more  rapidly  than  the 
Metamic  for  the  same  inlet  flow,  rotes.  A graphite  tube  functioned 
well  until  it  burned  out  and  the  Stupallth  tube  was  dlffioult  to  non 
since  it  melted  so  easily.  A transparent  quartz  tube  without  insul*-  ! 
tlon  when  run  with  the  rotary  valve  showed  the  combustion  to  consist 
of  rapid  pulsations.  (Figure  118) 

The  rotary  valve  tubes  were  preheated  for  several  minutes  before 
running  so  that  appreciable  clearances  were  required  on  the  rotary 
parts  to  prevent  freezing  due  to  warpage.  This  prevented  an  approxi- 
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mate  measurement  of  the  possible  exit  thrust  due  to  the  large  leakage 
losses  in  the  olearanoes  between  rotor  blades  and  the  tube.  Fuel 
cooling  of  the  rotary  valves  In  aotual  practioe  will  prevent  such 
distortions.  Despite  these  losses,  several  runs  were  made  which 
indicated  an  appreciable  net  thrust.  The  inlet  air  thrust  was  com- 
puted by  calculating  a "free  stream"  flow  Mach  Number  which  corres- 
ponded to  the  combustion  tube  inlet  total  pressure  (assuming  100% 
pressure  recovery). 

An  assembly  was  then  designed  and  detailed  for  testing  surface 
combustion  tubes  with  internal  diameters  up  to  an  inch  and  for 
lengths  from  six  to  eighteen  lnohes  with  a rotary  valve.  (See 
Figure  119).  The  rotary  valve  speed  mjay  be  varied  from  1000  to  6000 
rpm  by  means  of  a Varidrive  motor.  Internal  water  cooling  of  the 
rotary  valves  combustion  tube  supports  have  been  considered  in  this 
assembly  so  that  no  distortion  due  to  heat* is  anticipated.  Other 
features  Include  the  translational  movement  of  either  rotary  valve 
by  increments  less  than  one  thousandth  of  an  inch  relative  to  the 
combustion  tube  faces  and  a rotational  movement  of  the  exit  valve 
relative  to  the  inlet  valve  by  fine  and  coarse  adjustments  on  the 
spllned  shaft.  It  is  estimated  that  this  precision  apparatus  would 
cost  mot  more  than  $4000  to  construct  complete  with  drive  motor. 

9.5  Ss&sns&lsxk 

A systematic  search  of  the  literature  has  not  revealed  any  exper- 
iments on  the  detonation  of  commercially  available,  easy  to  handle 
fuels . 

The  theory  governing  the  detonation  wave  and  the  combustion 
flame  has  been  fully  studied  by  many  authors  (bee  References  29,  30, 
and  31).  However,  the  exact  conditions  necessary  for  the  formation  of 
a detonation  wave  from  the  various  sources  of  ignition  still  remain 
to  be  determined.  Many  reports  were  found  that  described  the  investi- 
gations carried  out  to  determine  the  limits  of  detonation  for  various 
fuels  and  fuel/alr  mixtures.  (See  References  32  to  36).  None  of  these 
included  any  experiments  on  gasolene  or  kerosene  with  air.. 

It  was  concluded  that  the  final  steady  state  conditions  in  the 
combustion  chamber  after  burning  could  be  estimated  on  the  assumption 
of  constant  volume  combustion.  Actually  the  detonation  wave  will 
develop  very  high  pressures  and  temperatures,  but  since  it  is  initi- 
ated at  a closed  end,  and  expansion  wave  will  Immediately  follow  it 
reducing  these  peak  pressures.  Neglecting  heat  transfer  the  final 
conditions  should  be  very  near  the  conditions  after  constant  volume 
burning.  The  principal  merit  of  the  detonative  combustion  is  that 
it  proceeds  much  more  rapidly  than  the  deflagration  wave.  The 
principal  problem  will  be  the  initiation  of  the  detonation.  Once  the 
detonation  is  established,  it  proceeds  very  rapidly.  Thus  the  time 
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required  for  burning  is  practically  equal  to  the  time  for  initiation 
of  detonation. 

Zeldovich  (Reference  37)  describes  the  problem:  of  self-ignition 
of  a mixture  and  indicates  various  means  of  incr^nsin^  the  possibillt, 
of  the  formation  of  a detonation  wave.  For  exam ale,  rough  tubes  will 
cause  a shock  wave  to  igniie  a mixture  while  if  the  same  wave  travel- 
ed in  a smooth  tube,  the  mixture  would  not  be  ignited. 

It  see  ns  tnat  the  two  i moor tan t parameters  that  will  control  the 
formation  of  the  detonation  wave  will  be  (a)  the  local  temperature 
of  the  ignition  source;  (b)  the  presence  of  discontinuity  conditions 
in  the  mixture  (i.e.  a shock  wave).  Since  In  the  Multi-Jet  a shock 
wave  is  utilized  for  the  puls,e  compression,  the  use  of  this  wave  will 
greatly  increase  the  nossibility  of  detonation.  On  the  other  hand 
this  is  a.  relatively  weak  wave  and  may  not  be  strong  enough  to  ignite 
the  mixture.  This  can  be  overcome  by  focusing  the  wave  in  a cone 
where  high  local  pressures  anti  temperatures  can  be  obtained  causing 
a detonation  to  form  or  by  a feedback  of  hot  high  ores sure  gases  from 
a previously  fired  tube. 


grab  lo: 


It  was  decides,  that  tnere  was  great  need  for  an  experimental  ! 
investigation  to  determine  the  limits  and  ease  of  formation  of  detona-j 
tian  of  common  fuels.  Jhepherd  (Reference  36)  ■'«  ^cid  bps  ex  'er'm  . ■ , 

ho  n writ'"  out  on  «t  no  lone  ana  - cetylene  in  a o.-iook  tube.  Ap  ■ dying  a 
pressure  difference  across  a copper  membrane  in  a 1"  diametex-  tube 
and  causing  the  "embrano  to  rupture  Shepherd  produced  shock  waves  of 
varying  strength  that  travelled  into  the  fuel-air  mixture.  By  means 
of  a wave  Sneed  camera  he  was  able  to  measure  \r-ve  velooitles  before 
and  after  detonation  and  thereby  determine  if  detonation  had  occurred. 
Ke  found  that  certain  ethelene /oxygen  mixtux*es  ooulu  be  detonated  by 
shock  waves  with  pressure  ratios  of  two  to  tnree. 

A shock  tube  was  set  un  in  which  the  ueto.na t ion  of  .fuel-air 
mixtures  by  means  of  shock  waves  could  be  investigated.  A slmnle 
layout, sketch  of  the  apparatus  is  shown  In  Figure  12$.  This  tube  is 
enclosed  in  a 4-inch  :ipe  casing  for  safety  precautions.  The  left 
end  of  the  detonation  tube  is  left  open  and  a window  in  the  4-inch 
casing  makes  it  possible  to  observe  the  open  end  of  the  detonation 
tube.  Pressures  up  to  100  psi  gage  have  been  used  in  the  compression 
chamber.'  7ith  this  pressure,  when  the  cellonhane  uiwphragm  breaks, 
a shock  wave  having  a oressure  x-atio  of  2.40  is  nropogated  through 
the  detonation  tube.  The  uetonati.-n  tube  is  filled  with  the  fuel/air 
mixture  and  the  observation  of  a flash  at  the  open  end  of  the  detona- 
tion tube  will  indicate  that  a detonation  wave  has  been  initiated  by 
the  shock  wave.  A photograph  (Figure  126)  of  the  shock  tube  is 
shown  with  the  compression  chamber  on  the  right  enclosed  by  the  4-inch 
diameter  casing.  The  casing  over  the  expansion  chamber  on  the  left 
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has  been  removed.  A close-up  view  of  the  diaphragm  Joint  Is  seen  on 
Figure  12?. 

9.7  Detonation  Experiments 

Various  ethylene-air  fixtures  were  Introduced  Into  the  expan- 
sion chamber  and  their  combustabllity  or  ignltabllity  was  proved 
by  their  ignition  by  means  of  a spark.  This  spark  was  obtained  by 
means  of  a small  1/nltion  system  used  on  the  small  model  airplane 
gas  engines.  The  ethylene  and  air  were  introduced  separately  into 
the  expansion  chamber  and  were  thoroughly  mixed  by  means  of  a 
plunger  which  was  passed  through  the  tube  a few  times.  When  the 
mixture  was  ignited  with  the  spark  a very  weak,  muffled  pop  was 
heard  and  a very  dull,  blue  flame,  tinged  with  orange,  was  noticed 
issuing  from  the  end  of  the  tube.  During  these  Ignition  tests,  a 
single  cellophane  diaphr^m  was  placed  in  its  usual  position  in  the 
shock  tube  and  a single  sheet  was  tied  to  the  end  of  the  ejqpansion 
tube.  The  oressure  obtained  due  to  the  Ignition  was  barely  able 
to  blow  off  the  piece  of  cellophane  on  the  end  of  the  tube,  while 
the  diaphragm  was  unbroken.  After  each  ignition  the  tube  was  blown 
out  by  allowing  compressed  air  to  pressurize  the  compression  chamber 
and  rupture  the  single  sheet  of  cellophane  clamped  in  the  diaphragm 
position. 

The  next  step  was  to  determine  which  of  the  above  mixtures  that 
proved  to  be  lgni table  by  means  of  a spark  could  be  detonated  by 

means  of  a shock  wave.  The  fuel-oxygen  in  the  ethylene-air  mixture 
was  in  the  sane  range  of  ratios  as  those  used  by  Shepherd  in  his 
experiments  on  ethylene-oxygen  reported  in  Reference  36.  These 
fuel -air  mixtures  could  not  be  detonated  by  means  of  a shock  wave. 
Pressures  up  to  100  psi  were  used  in  the  compression  chamber  pro- 
ducing shock  waves  with  a pressure  ratio  of  2.5.  It  was  deduced 
then  that  the  shock  waves  were  not  strong  enough  to  detonate  the 
ethylene-air  mixtures.  Since  it  was  impossible  to  obtain  higher 
pressures  with  the  present  air  supply,  stronger  waves  were  not  pro- 
duced. 

It  was  then  decided  that  the  experiments  of  Shepherd 
(Reference  36)  should  be  repeated.  He  found  that  an  18#  mixture  of 
ethylene  and  oxygen  could  be  detonated  by  means  of  a shock  wave 
having  a pressure  ratio  of  1.80  (produced  in  a shock  tube  having  a 
compression  chamber  pressure  of  65  psi.) 

In  our  experiraents  the  air  in  the  expansion  chamber  was  dis- 
placed by  allowing  the  oxygen  to  flow  through  the  tube  for  a few 
minutes.  The  tube  was  then  closed  and  the  ethylene  was  allowed  to 
flow  into  the  expansion  chamber.  The  gases  were  then  thoroughly 
mixed.  Again  shock  waves  up  to  a pressure  ratio  of  2.50  did  not 
detonate  the  ethylene-oxygen  mixtures.  It  was  not  dear  why 
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results  could  not  be  duplicated.  To  determine  if  the 
combustible,  the  spark  was  again  used  to  Ignite  the 


On  ignition  with  the  spark  the  mixture  ignited  and  burned  with 
explosive  violence.  It  was  deduced  that  detonation  had  occurred.. 
The  expansion  chamber  was  3f  feet  long  and  2 inches  in  diameter.  A 
tube  A"  in  diameter  surrounded  the  end  of  the  expansion  chamber  to 
collect  the  exhaust  gases  and  duct  them  out  of  the  room.  This  b" 
tube  which  was  made  of  galvanized  sheet  iron  was  blown  apart  by  the 
explosion.  It  was  from  this  observation  that  it  was  deduced,  that 
detonation  had  occurred. 


The  detonation  experiments  were  discontinued  at  this  time  due 
to  the  difficulty  of  obtaining  higher  compression  chamber  pressures 
in  order  to  produce  stronger  shocks.  It  was  also  during  this  period, 
that  it  was  felt  that  since  the  combustion  tubes  had  to  be  manu- 
factured frora  ceramic  compositions  that  the  ignition  by  the  hot 
walls  should  be  Investigated.  It  is  hoped  that  with  more  information  j 
on  detonation  that  the  detonation  type  of  combustion  can  be  utilized  | 
in  this  engine.  j 


| Actually  as  the  shock  wave  travels  through  the  boundary  layers 

I of  burnt  find  burning  gases  in  the  surface  combustion  type  engine, 

I the  pressure  and  temperature  behind  the  wave  are  increased  thereby 
increasing  the  wave  velocity.  Th's  process  can  accelerate  to  the 
point  where  a detonation  wave  will  be  developed. 

9 .8  Conclusl ons : 

The  use  of  hot  surface  ignition  appears  to  be  a practical  method 
of  obtaining  combustion  in  tubes  contained  in  a rotary  valve  engine. 
Further  work  is  required  to  optimize  the  combustion  tube  and  rotary 
valves  construction.  Frora  a material  viewpoint,  a Multi-Jet  engine 
for  a helicopter  rotor  blade  could  be  theoretically  designed  now  at 
the  top  combustion  gas  temperature  of  2500°  F and  have  a reasonable 
life  expectancy.  Many  methods  appear  promising  that  may  allow  the 
use  of  higher  gas  combustion  temperatures  with  lighter  weight 
structures  and  greater  characteristic  inlet  mass  flows.  Experi- 
mentally, there  was  no  indication  that  the  predicated  theoretical 
performance  could  not  be  developed  in  practice  with  a durable  engine. 


9.9  Rec  omm  enda  t i ons 

It  is  recommended  that  the  development  of  the  Multi-Jet  engine 
be  energetically  continued  with  the  design  and  development  of  a full 
scale  single  row  engine  concurrently  with  tests  on  combustion  tubes 
and  rotary  valves  in  the  recently  designed  precision  test  assembly. 
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APPENDIX  I 

IDEAL  CYCLE  PERFORMANCE  OF  A SINGLE  TUBE 

’MW-  - m- 

This  Appendix  describes  In  detail  the  columns  of  Tables  1, 
2,  3,  and  4. 


i 


i 

i 


1.1  labjeJL 

Column  1 gives  the  maximum  cycle  pressure]^  . For  each  of  the 

chosen  maximum  cycle  pressures  in  column  1,  the  variation  of  the 
flow  parameters  as  the  pressure  drops  from  Pj  to  PQ  are  tabulated. 

Column  2,  the  ratio  of  the  ambient  static  pressure  to  the 
instantaneous  pressure  in  the  tu1  e.  is  chosen  arbitrarily.  When 
the  exit  flow  is  subsonic  P0/p^*^}/»l»  Column  3 gives  the  variation 
of  pressure  in  the  tube  as  the  tune  discharfes.  Column  4 gives 
the  time  (in  the  dimensionless  form)  required  for  the  pressure  to 
drop  by  the  vaj.ue  given  in  column  3.  This  is  plotted  in  Figure  4 
and  is  given  by,  equations  13,  14,  and  15,  and  in  the  ordinate  of 
the  curves  of  Fi  . ures  r , ( , * , and  P.  Colu;  n 5 gives  the  instan- 
taneous dA  oeuriorilers  wei;  ht  floor  plotted  against  pl/^3  ^oid  is 
obtained  from  equ;  tion  1?  and  plotted  on  Figure  d.  Column  6 gives 
the  instantaneous  value  of  the  dischar.  e velocity  as  the  pressure 


drons  from 


■n  Fi  are 


MV 

■j  olui- jn 


1 s obtr ’ 


rom  e. 


-4  „„  0 

^ L a? 


Mon  (If),  ' r.d 

the  Instantaneous  values  of  thrust  as 

e pr'-ssar**  irons  from  to  Po  and  is  obtained  from  equation  20 
and  plotted  on  Figure  P.  ^Column  R gives  the  area  under  the  thrust 
curves  of  Fi;  lire  8 for  each  v ine  of  P^/Pq.  It  is  given  analyti- 
cally by  equation  21  and  is  plotted  on  Figure  9. 


1.2  Table  2 


Column  1,  the  maximum  cycle  pressure  ratio,  and  column  2,  the 
duct  Mach  number,  are  arbitrarily  chosen.  The  choice  of  (Col.  2) 
determines  the  value  of  Tz/’Hq  (column  3)  and  P2/P9  (column  4). 

These  are  obtained  from  equations  5 and  4 respectively.  From 
columns  4 and  1 we  obtain  column  5 and  P3  /?2  • T3/T2  (constant 
volume  combustion).  Column  R is  obtained  from  columns  3 and  5. 
Column  7,  the  Impulse  of  the  incoming  air  is  calculated  by  means  of 
equation  23.  Column  8 is  obtained  from  Figure  9 and  column  9 is 
the  net  impulse  and  is  plotted  on  Figure  10. 

1.3  Sable  ,3 


This  table  lists  the  important  performance  characteristics  for 
a single  tube  engine  operating  under  an  ideal  cycle.  The  arbi- 
trary parameters  were  Ni  (column  1)  and  T3/T2  (column  4).  Columns 


W RITV  iN*o*mat!  * 

DCOT»IATri»r 


-212- 


crf>itHfTY  INF' 


CWfPAWfD  BN 


AEROPHYSICS  DEVELOPMENT  CORPORATION 


hfWT  NO 

2000-1 -R1 


CHUKtO  HV 


PACIFIC  FALISADKS,  CALIFORNIA 


DATt 

Jan  24  1953 


2 to  7 are  obtained  from  Table  2.  Column  8 can  be  obtained  from 
Figure  10.  Column  9 is  the  fuel-air  ratio  and  Is  obtained  from 
Figure  11.  Column  10  lists  the  specific  fuel  consumption  and  Is 
obtained  from  equation  24.  The  total  duration  of  a cycle  is  given 
In  column  11  and  is  obtained  from  equations  2*5,  2o,  27,  and  28. 

The  average  thrust  per  square  foot  of  combustion  chamber  area  is 
given  in  column  12  and  is  obtained  from  equation  29.  Column  13 
fives  the  weight  of  air  per  cycle  per  cubic  foot  for  combustion 
tube  volume  and  it  is  calculated  from  equation  31.  Column  14- 
gives  the  air  specific  impulse,  obtained  from  equation  3 0. 


1.4  Table  4 


Table  4 lists  for  each  duct  Mach  number  the  maximum  allowable 
value  of  tV  in  order  for  the  shock  wave  to  form  within  12  inches 
of  the  exhaust  valve* 
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ACTUAL  CYCLE  PERFORMANCE  OP  A SINGLE  TUBE 


The  arbitrary  parameters  are  M0>  M^,  L,  and.  T3  and  are  given  In 
columns  1,  2,  3,  and  4 of  Table  5.  The  values  of  the  columns  5,  6, 

7,  9,  11,  12,  13,  14,  and  15  are  obtained  as  described  for  the  Ideal 
case.  Columns  8,  10,  and  23  give  the  flow  conditions  at  the  outlet 
end  of  the  tube.  These  are  obtained  from  equation  62  or  Figure  36. 
Column  25  gives  the  average  density  and  is  computed  from  equation  72. 

The  duration  of  the  discharge  phase  Is  tabulated  In  column  16 
and  given  by  Figure  4 and  equation  28.  The  duration  of  the  pulse 
compression  ohase  'Cc  (column  17)  is  given  by  equation  77  or  Figure  41. 
The  duration  of  the  scavenging  phase  £$  (column  18)  is  given  by 
equation  76  or  Figure  41.  Column  29  gives  the  mean  effective  velocity 
and  is  given  by  equation  69  or  Figure  40.  Column  22  gives  the  correc- 
tion factor  for  the  actual  density  of  the  air  in  the  tube  and  is  com- 
puted from  equation  75.  Column  30  gives  the  air  specific  Impulse 
which  is  calculated  from  equation  71.  The  thrust  per  square  foot 
of  combustion  area  (column  31)  is  commuted  from  col\imns  30  and  28 
and  the  area  of  the  tube.  The  fuel-air  ratio  of  column  32  Is  taken 
! from  Figure  42.  The  specific  fuel  consumption  of  column  33  Is  given 
I by  equation  (?9).  Equation  80  r ives  the  thrust  ooeff^ient  of 
1 column  34  and  equation  81  gives  the  characteristic  mass  flow  of 
column  35.  The  last  two  oaraneters  are  based  on  combustion  tube 
area  only. 
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The  computations  of  Tdales  6 and  7 give  the  performance  calcula- 
tions for  a 36"  diameter  Multi-Jet  operating  under  an  actual  cycle. 
Most  of  the  headings  are  self-explained.  Table  6 gives  the  super- 
sonic performance  computations  while  Table  7 pives  the  subsonic 
performance  computations.  The  numerical  subscripts  refer  to  the 
flow  conditions  during  the  different  phases  of  the  cycle.  Referring 
to  Figure  13,  the  subscript  "on  refers  to  the  ambient  conditions  of 
the  flow;  "1"  refers  to  the  flow  conditions  of  the  duct  flow  during 
scavenging;  "2"  refers  to  the  flow  conditions  after  •'•he  passage  of 
the  shock  wave;  "3"  refers  to  the  conditions  in  the  closed  combustion 
chamber  after  burning  is  completed  and  just  before  discharge.  The 
double  primed  symbol  is  used  to  denote  the  flow  conditions  of  the 
inlet  phase  after  the  flow  has  arrived  at  the  rear  of  the  tube  and 
has  been  influenced  by  the  frictional  forces  in  the  duct.  It  will 
be  noted  that  s 0.6  for  all  cases  and  the  tube  diverges  at  a 
small  angle  in  order  to  keep  M-j_  - constant  throughout  the  length. 
Column  18  rives  the  average  density  of  the  fuel-air  mixture  in  the 
tube.  Column  19  gives  the  ideal  total  weight  of  air  true pod  in  the 
tube.  The  weight  of  air  per*  cycle  must  still  be  reduced  by  a 
correction  factor  that  is  determined  from  the  opening:  and  closing- 
times  of  the  valves.  The  total  pressure  obtained  in  the  tube  must 
be  reduced  by  this  correction  factor.  Tables  6 and  7 are  similar 
up  to  column  19.  In  Table  6 (for  the  supersonic  case)  column  20 
gives  the  expansion  ratio  of  the  high  pressure  gasses  during;  the 
discharge  phase  for  the  supersonic  flight  velocities  M 1.00.  The 
Impulse  during  the  discharge  phase  for  the  various  expansion  ratios 
of  Column  20  for  a given  total  pressure  ratio  P3  p0  ie 

plotted  in  Figure  88.  These  curves  are  obtained  from  Figures  5 end 
8.  The  given  flight  Mach  number  determines  the  final  pressure 
during  discharge  and  is  given  by 

5. 

& <t  ■'  7; 

for  the  supersonic  I-Iach  numbers.  Then  in  Figure  5,  H/F$  would 
correspond  to  column  20.  From  Figure  8 for  a given  maximum  cycle 
pressure  and  the  value  of  column  20,  the  value 

Ve  An  #3 

^ p O . . P * 

is  obtained.  For  the  given  pressure  ratio  •=  ■ i on  Figure  8 

the  value  of  'o  P0 

T£  An  a3 
V 

found  on  Figure  5,  is  used  to  find  the  cut-off  point  on  the  thrust 
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curve.  The  area  Is  found  under  the  thrust  curve  between  the  limits 

O to  Tt~p 

(given  by  Figure  and  plotted  on  Fipure  8 8 for  the  given  value  of 
M0.  In  this  way  the  curves  for  H0  s ?.80,  2.00,  and  1.00  were 
obtained  for  Figure  88.  From  Figuire  83  column  °1  of  Table  6 is 
obtained.  By  integration  of  the  curve  of  Figure  6 from  'C  m 0 
to  't  • C pi  jc  h (i.e.  the  value  of  'V  found  from  Figure  5 (using 
„P'/Pj  . . s.  column  20)  gives  the  percentage  of  air  discharged 
duriiv  the  thrust  phase  (while  the  pressure  drooped  from  Pa  to 

FS+f?" 


This  can  be  seen  fro a 
flow  in  lbs/sec. 


W+WJFT? 

'the  following,  -equation  wher 


■e  wa  is  the  weignt 


A 


J ^£_AnQ3  _ {juTa.  oi  Te 

’c^PjfAN  \7  ~ A V 


where  S^ioCTe.  is  the  weight  of  air  discharged  and  ( ( 3 V ) is  the 

total  weight  of  air  contained  in  the  tube  before  discharge.  Column 
23  gives  the  percentage  of  air  discharged  while  2k  gives  the  weight 
of  the  remaining  air.  Since  the  gases  are  expanded  i s en tropical ly 
In  the  tube  during  the  discharge  phase,  the  total  temperature  at 
the  end  of  discharg  e is  riven  in  colurn  2d.  From  tv>e  value  of  the 
total  temperature  in  the  tube  the  velocity  >g  round,  at  a nozzle, 
(discharging  at  sonic  velocity)  can  be  found.  Tills  is  the  velocity 
of  the  remainder  of  the  burnt  gases  during  scavenging'  and  is  given 
by  column  27.  The  value  of  'Vi  for  column  28  is  obtained  from 
Figures  60  and  83.  The  impulse  of  the  scavenged  gases  as  they  are 
discharged  is  given  in  two  parts.  The  gases  first  issue  at  a low 
nozzle  pressure  ■ p,  + p'V^" 

After  the  pressure  effects  from  the  front  valve  reach  the  exhaust, 
the  gases  issue  at  a higher  pressure  ■ . Approximately 

one-fourth  of  the  remainder  of  the  gases  leaves  at  the  low  pressure, 
the  other  three-fourths  leaves  at  the  higher  pressure.  It  was 
assumed  that  the  nozzle  velocity  remained  the  same  during  the  whole 
scavenging  period.  Actually  the  pressure  and  temperature  effects 
of  the  opening  action  of  the  inlet  valve  would  increase  the  exit 
velocity  from  that  given  by  column  27.  This  is  neglected.  Columns  29 
and  30  give  the  two  pressures.  The  impulse  of  these  gases  is  then 
computed  in  columns  31,  32,  and  33  which  when  added  give  the  impulse 
during  scavenging  (column  3^).  The  impulse  of  the  Intake  air  is 
given  by  column  35*  The  net  Impulse  is  given  by  column  36.  The 
total  duration  of  the  cycles  are  obtained  from  Figures  60  and  63. 
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The  losses  due  to  the  slow  opening  and.  closing  actions  of  the 
valves  are  discussed  in  Subsection  5.4.3.  These  considerations 
explain  columns  38  to  46  and  49  and  50. 

^ Tha  specific  fuel  consumption  was  computed  by  means  of  Figure  130 
The  difference  between  constant  volume  burning  and  constant,  pressure 
burning  ern  be  seen  by  comparing  Figures  13£  and  129.  For  the  same 
fuel  ratios,  there  is  a smaller  temperature  rise  fox-  the  constant 
pressure  curves  than  there  is  for  the  constant  volume  curves.  Doth 
of  tViese  curves  were  computed  from  the  data  given  in  the  tables  and 
charts  in  Deferences  5 and  6.  The  effect  of  dissociation  at  the 
higher  temperatures  is  considered  in  these  curves. 

Table  7 gives  the  computations  for  the  subsonic  flight  veloci- 
ties. Since  oolurois  1 to  19  are  simil'  r to  those  of  Table  6 they  are 
not  described  again. 


Column  30  gives  the  expansion  ratio  during  the  discharge  phase. 
Column  21  gives  the  impulse  which  is  found  from  the  curve  of 
Figure  9.  For  tho  subsonic  flight  Kach  numbers,  the  pressure  in  the 
tube  is  allowed  to  drop  to  (where  I-'0  defines  Pot)  since  the 
variation  of  PQ+  for  0 6s  K0  =■  0.7^,  causes  a very  small  variation  in 
the  impulse  (<  3;'),  differences  in  the  impulse  curve  for  the  sub- 
sonic flight  velocities  were  neglected.  The  curve  of  Figure  9 was 
sufficiently  accurate  for  this  01)7*0066.  Columns  ?3,  24,  and  25  of 
Table  7 are  rial!;  r to  columns  '1T)  74  .and  '>rr  of  Ta'--ie  6.  The  exit 
no  z vie  pressure  during  scavenging  was  arsum.ed  to  be  equal  to  the 
velocity  of  the  inlet  fuel-air  mixture  (l.e.  li^  A^).  The  impulse 
of  the  scavenged  rases  are  therefore,  given  in  c o > umn  36.  The  rest 
of  the  columns  are  similar  to  those  of  Table  6. 

Columns  51  to  57  of  Table  6 and  Columns  43  to  49  of  Table  7 
give  the  drag  and  thrust  coefficients  of  a typical  supersonic 
missile  with  ,0  wing  area  of  4?5  square  feet,  powered  by  4 of  the 
36"  diameter  engines.  The  thrust  and  drag  coefficients  are  referred 
to  the  wing  area  and  the  drag  coefficients  are  obtained  from  Figure  75 
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APPENDIX  IV 

COMPUTATION  FOR  THE  IDEAL  CYCLE 


The  columns  of  Table  8 give  the  performance  computations  for 
an  8iN  diameter  Multi-Jet  operating  under  an  ideal  cycle.  Most 
of  the  headings  of  the  oolumns  are  obvious.  Die  numerical  sub- 
scripts refer  to  the  flow  conditions  during  the  different  phases  of 
the  oyole.  Referring  to  the  Table  8 and  Figure  13,  the  subscript 
■o*  refers  to  the  ambient  conditions  of  the  flow;  "1"  refers  to 
the  flow  conditions  of  the  incoming  fuel-air  mixture  during  scav  - 
englng;  "2"  refers  to  the  flow  conditions  after  the  passage  of 
the  shook  wave;  "3"  refers  to  the  conditions  in  the  dosed  com- 
bustion chamber  after  burning  is  completed  and  JUBt  before  dis- 
charge. It  will  be  noted  that  M^  s 0.6  for  all  values  of  Mp. 

Column  14  gives  the  total  weight  of  air  trapped  in  the  chamber 
during  each  oyole.  Column  15  gives  the  expansion  ratio  of  the 
high  pressure  gases  during  the  discharge  phase.  Column  12  gives 
the  total  pressure  ratio  of  the  hot  high  pressure  gases.  From 
Figure  5,  the  curve  for  the  total  pressure  ratio  Po/O  is  picked 
out  and  the  point  on  this  curve  is  marked  where  PQ^/P~  s P /?j. 

For  this  point  the  value  of  J 

/tv  ** 

Voc 

is  tabulated  in  oolumn  16.  In  oolumns  16  and  17,  L is  the  length 
of  the  tubes.  ( * 0.50  feet.} 

The  values  of  oolumn  18  are  obtained  from  Figure  9 and, 
oolumn  19  gives  the  values  of  the  impulse  Xy  . Integration  of 
the  ourve  of  Figure  6 between  the  limits  for  from  0 to  the 

value  of  ‘CeO*/L  given  in  column  16,  gives  the  percentage  of 
air  discharged  while  the  pressure  dropped  from  P~  to  Pot.  This 
oan  be  seen  from  the  following  equation  where  juj*  is  the  weight 
flow  in  lbs/seo. 


/ aaT  __ 


You  / ! 


f(%  w 


where  is  the  weight  of  air  discharged  and  f Vol. 

la  the  total  weight  of  air  contained  in  the  tube  before  discharge. 
Column  22  therefore  gives  the  weight  of  air  remaining  after  dis- 
charge and  this  air  is  discharged  during  scavenging  at  a veloolty 
• Vi  • The  Impulse  Js  is  given  in  oolumn  23  and  added  to  I,  to 
give  the  gross  impulse.  The  impulse  due  to  the  inlet  flow,  given 
in  oolumn  24,  is  subtracted  to  give  the  net  impulse  in  oolumn  25  • 
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The  time  required  for  scavenging  is  given  in  oolumn  26  and 
is  found  from  the  following  relation: 


Sp  - 


Mt  CLi 


The  time  required  for  pulse  compression  is  given  in  oolumn 
27  and  is  found  from  the  following  relation: 

P r L.  - - 

c Hw  a-t 

where  Mw  is  given  by  equation  3* 

The  time  required  for  burning  was  assumed  to  be  0.0015  secs. 
The  value  of  the  fuel-air  ratio  is  obtained  from  Figure  129 . 


-22 2- 


nrvnm  iwroA**Tie* 


"ftAirv  iwaMMDM, 


rRfPAKfO  BY 


CHECKED  BY 


AEROPHYSICS  DEVELOPMENT  CORPORATION  1.2000- 


PACIFIC  PALISADES,  CALIFORNIA 


DATE 

24  Ja 


APPENDIX  V 

COMPUTATIONS  FOR  AN  ACTUAL  CYCLE 


The  columns  of  Table  9 give  the  performance  computations 
for  an  8^"  diameter  Multi-Jet  operating  under  an  actual  predicted 
cycle.  The  numerical  subscripts  are  similar  to  those  In  Table  8 
and  refer  to  the  conditions  at  the  entrance  of  the  tube.  The 
double  primed  symbol  Is  used  to  denote  the  conditions  of  the  flow 
after  It  has  arrived  at  the  rear  of  the  tube  and  has  been  In- 
fluenced by  the  frictional  forces  In  the  duct.  The  columns  of 
Table  9 up  to  column  24  are  similar  to  those  of  Table  8.  In 


order  to  find  , P±  t P3  and 


duct  of  given  L/q  with  flow  Mach  number  M, 
Figure  36. 


the  loss  In  pressure  In  a 


0.6  Is  found  from 


The  description  given  In  Appendix  IV  for  the  columns  1 to 
25  apply  to  Table  9 also.  The  value  of  'Cjvr  In  column  26  Is 
obtained  from  Figures  89  and  90  as  are  the  values  of  "£V  and  "Cp 
In  columns  2?  and  28.  The  reduction  or  correction  factors  are 
given  In  columns  31,  32,  33,  and  34.  Column  31  gives  the  losses 
due  to  the  leakage  through  the  valves.  Column  32  gives  the  re- 
duction of  mass  due  to  the  slow  opening  and  closing  actions  of  the 
valves.  The  loss  In  mass  flow  due  to  leakage  was  computed  to  be 
8.4#  (see  riub-Sectlon  6.2.4).  The  actual  performance  values  are 
then  computed  and  tabulated  In  columns  35,  36,  39,  40,  41,  42 
and  43 . 
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APPENDIX  VI 

HELICOPTER  MULTI-JET  FUEL  SYSTEM 

Figure  130  gives  the  flow  diagrams  presently  devised  for  the  fuel 
system  and  its  control.  The  fuel  is  regeneratively  heated  by  the 
engine  exhaust  to  allow  a substantial  amount  of  the  fuel  to  be  flash 
vaporized  upon  injection  in  the  air  flowing  through  the  engine.  The 
flash  vaporization  should  allow  more  efficient  use  of  the  fuel  in  the 

1 motor. 

1 

| 

j The  fuel  control  system  is  based  on  the  pressure  generated  by  the 

1 fuel  at  the  engine  location  due  to  centrifugal  action  by  tne  weli- 
j known  formula 


p-  ^ 2 

r 


p = 

g = 


pressure 
fluid  density 


/V~  - engine  velocity  j 

I 

at  rotor  tip  ! 

I 

Conr'e'iuev'tly , the  rotor-  blade  rp:n  uni  oh  la  proportional  to  AS" 
may  be  hela  constant  by  allowing  moi-e  or  less  fuel  flow  which  acceler-  i 
ates  or  decelerates  the  rotor  so  as  to  hold  the  pressure,  P,  constant,  j 
The  valve  A accomplishes  this  control.  The  rotary  valve  in  each  j 

engine  must  also  be  controlled  at  a constant  rpm.  This  will  be  j 

accomplished  having  on  the  rotary  valve  shaft  a small  fuel  pump  whose  ! 
output  pressure  is  oroportional  to  the  rotary  valve  rpm  (within  the  j 
required  accuracy).  This  output  pressure  is  applied  on  one  slue  of 
a piston,  while  on  the  other  side  of  the  piston  the  inlet  pressure  and 
spring  is  applied.  This  will  position  a valve  which  allows  more  or 
less  fuel  to  bypass  the  positive  displacement  drive  (form  similar  to 
hydraulic  motor)  thus  regulating  the  rotary  valve  rpm. 

Examination  of  the  formula  for  the  pressure  developed  by  centrif- 
ugal action  shows  that  the  pressure  is  proportional  to  the  fuel 
density.  Consequently,  a temperature  control  heat  exchanger  is  re- 
quired on  the  Inlet  fuel  line  - the  fuel  to  the  motor  being  preheated 
to  a constant  temperature  of  1?0°  F ± 5°  F. 

Starting  of  the  engines  is  presently  considered  to  be  accomplished 
as  follows:  A line  from  a pressurized  gas  container  will  drive  the 

rotary  valve  independently  of  the  fuel  motor  by  means  of  a small  gas 
turbine  at  a rate  higher  than  in  steady  state  operation,  rotation  of 
the  valves  will  induce  a small  air  flow  through  the  engine.  The 
ejector  action  of  the  8ir  from  the  gas  turbine  will  also  induce  an 
air  flow  through  the  engine.  A small  fuel  flow  also  results  by  the 
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fuel  motor  acting  as  a pump  and  this  fuel  Is  injected  at  the  front  of 
the  engine.  Lpiition  Is  obtained  in  this  region  by  means  of  spark 
plugs.  The  fuel-air  mixtures  burning  partially  expand  through  the 
engine  developing  a s,nall  amount  of  thrust  while  heating  the  combus- 
tion tubes,  .hen  the  combustion  tubes  «re  sufficiently  heated  to 
cause  auto  ignition  of  the  incoming  fuel-air  nixture,  thrust  will 
■ increase  rapidly  allowing  the  blades  to  rotate.  As  the  rotational 
i speed  increases,  the  fuel  oressure  increases  and  the  rotary  valve  may 
j then  be  driven  by  the  fuel  motor  Instead  of  the  compressed  gas  tur- 
i bines.  This  "bootstrap"  arrangement  is  believed  to  be  a practical  way 
j of  starting  the  engines  but,  of  course,  must  be  experimentally  demon- 
I strated. 

i 

External  heated  air  sup  lies  could,  of  course,  be  used  for  nre- 
j heating  the  combustion  tubes,  but  such  on  arrangement  involves  rather 
| bulky  and  heavy  equipment  which  may  not  be  easily  available  at  vari- 
' ous  places  the  helicopter  may  cesire  to  land. 

i 

The  amount  of  power  available  from  the  fuel  during  cruise  opera- 
j tion  (rotor  tip  speed  - 600  ft/sec)  is  considerable.  :ith  a radius 
| of  the  rotor  tip  equal  to  20.5  feet,  the  developed  pressure  is  3500 
| psia  and  if  a pressure  drop  of  3000  osia  is  taken  through  the  fuel 
motor,  then  0.705  horsepower  is  available  for  turning  the  rotary 
1 valves  (100£  efficiency).  Hydraulic  motor  efficiencies  may  be  6o£  so 
that  .about  0.V2  horsepower  Is  available.  Calculation  the  required 
rotary  v .lve  nor  ;e  mower  i:,  however,  only  •.  a n ill  fr  c t \ or.  of  c-rie 
hors-1  o .or  s action  2)  z>o  that  unuer  normal  cruise  conditions  most 

■of  the  fuel  will-  bypass  the  fuel  motor. 


Of  interest  the  starting  sequence  is  tae  sower  requirement  to 
accelerate  the  blades  to  full  speed . Assuming  150  pounds  per  olede 

as  a first  approximation , a 
Jbtalned  ..hlch  for  a e-1  foot  dia- 
meter blide  give1'  the  requires  torque  to  accelerate  as  follows: 


uniformly  nistributed  along  the  binds 
moment  of  inertia  of  650  slug  is 


T = .190  50  ft  rounds 

-t 


The  required  thrust  of  each  engine  is 


T = torque 
■£  = time  (seconds) 


Or  If  t.  = 30  necc 


onos 


F s 19050  * 929  pounds 

t 


F = 31  Mounds  or  ••  total  of  93  >ounds  from 
three  engines 
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The  total  statin  thrust  expected  under  normal  operating  conditions 
from  three  engines  (one  in  each  of  three  blades)  is  270  pounds.  Con- 
sequently, an  ample  safety  factor  should  exist  in  accelerating  the 

blades  to  nomal  rp;n. 
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5.30 

5.945 

.1201 

10 

2960 

8.76 

8.90 

.1201 

20 

1960 

• 5 o 

5.81 

.1174 

20 

29  60 

3.36 

3.73 

.1174 

30 

1960 

5.26 

5.675 

.1147 

30 

2960 

7.95 

0.575 

.1147 

0.75 

0.40 

3 

1960 

C.  54 

6.56 

.1325 

3 

2960 

9.06 

9.90 

.1325 

10 

I960 

6.44 

6.51 

.1315 

10 

2960 

5.72 

9.03 

.1315 

20 

1960 

6.30 

6.44 

.1301 

20 

2960 

9.507 

9.724 

.1301 

30 

1960 

6.17 

6.375 

.1233 

30 

2960 

9.31 

9.625 

.1280 

0.60 

3 

1960 

6.955 

7.008 

.1416 

3 

2960 

10.54 

10.62 

.1416 

10 

1960 

6.725 

6.893 

.1392 

10 

2960 

10.19 

10.445 

.1392 

20 

I9  60 

6.41 

6.735 

.1360 

20 

2960 

9.72 

10.21 

.1360 

30 

1960 

6.10 

6.580 

.1330 

30 

2960 

9.25 

9.975 

.1330 

Yt 


26 


OL 


2.363 

2.363 

7.94 

7.94 

16.00 

10.06 

24.36 
24.56 

2.374 

2.374 

3.05 

3.05 

10.50 

16.50 

25.37 
2o.  07 

2.363 


!.563 


7.94 
7.94 

16.06 

10.06 
- . 00 

24.36 

2.374 


2.374 


0.05 

3.05 

16.50 

16.50 

25.37 

25.37 

2.363 

2.365 

7.94 

7.94 

16.06 

16.06 

24.36 

24.36 

2.374 

2.374 
3.05 
0.05 

16.50 

16.50 

25.37 

25.37 


27 


VYflu  cycLE 


.2468 
.2468 
.823 
.825 
1.645 
1.645 
2.470 
2.470 
• 2002 
.2002 
.895 


« 0)05 


1.709 

1.789 

2.690 

8.690 
.2700 
.2708 


.9025 


.9025 


1.305 
1 . 005 
2.700 


:.708 


.2907 

.2907 

.9675 

.9675 

1.937 

1.937 

.169 

.169 

.3137 

.3137 

1.046 

1.046 

2.090 

2.090 

3.136 

3.136 

.3372 

.3372 

1.124 

1.124 

2.25 

2.25 

3.38 

3.33 
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AEROPHYSICS  DEVELOPMENT  CORPORATION 

PACIPIC  PALISADES,  CALIFORNIA 


REPORT  NO 


2000=1=111 


DATE  ' 

Jan  24,1953 


TABLE  S’  CCNT  D FOR  TUBE  DtAr-1  £3  * l FT 


u , 29 

_ 30 

- 31 

32 

.33 

34 

TT 

yZz 

*/ft 

CT 

.702 

56.52 

372.2 

.0140 

1.461 

4.02 

.888 

61*6* 

* 629. 

.0208 

1.601 

6.795 

.695 

36.07 

555, 

moo 

5.70 

.383 

61.2 

907.5 

1.693 

9.01 

.683 

35.28 

572.5 

1.514 

6.105 

.875 

60.6 

983. 

1.709 

10.62 

,672 

34.60 

584,5. 

1.543 

6.315 

.866 

59.83 

1000. 

1.731 

10.00 

.742 

39.10 

400. 

.0147 

X • 3oo 

4.322 

.918 

63.95 

654.5 

.0206 

1.610 

7.07 

.723 

37.08 

641.5 

1.397 

6.93 

.906 

63.0 

1067. 

1.634 

11.53 

,698 

36.20 

699.5 

1.459 

7.56 

.087 

61.4 

1170. 

1.675 

12.73 

.673 

34.62 

710. 

1.520 

7.67 

.067 

59.07 

1213. 

1.719 

13.10 

.750 

30.92 

343. 

.0140 

1.725 

.926 

.925 

55.8 

610.5 

.0207 

1.350 

1.670 

.742 

30 . 40 

490.2 

1.755 

1.324 

.919 

55.3 

094. 

1.865 

2.413 

.730 

29.65 

519. 

. 1.799 

1.401 

• 9 XI 

54.7 

969. 

1.307 

2.616 

.720 

29.02 

524 . 

1 . 957 

1.414 

.903 

54.05 

974.5 

1.609 

2.630 

.779 

32.82 

355.3 

.0146 

1.602 

.959 

.946 

57.45 

623 , 5 

.0234 

1.770 

1.683 

.763 

3 J. . U 

573.5 

1 . 654 

1.562 

• 9 34 

56.55 

1034. 

1.805 

2.790 

.740 

30.30 

629.5 

1.735 

1.700 

.918 

55.3 

1142. 

1.347  ■ 

3.002 

• 713 

28.50 

615. 

1.840 

1.660 

.099 

53.75 

1177. 

1.900 

3.177 

.017 

26.61 

330. 1 

.0144 

1.946 

.404 

.973 

51.0 

646. 

.0203 

1.997 

.776 

.011 

26.23 

482. 

1.975 

• 699 

.969 

50.7 

936.5 

2.003 

1.125 

.802 

25.61 

512.5 

2.022 

.6155 

•962 

50.2 

1013. 

2.020 

1.216 

.792 

24.98 

516. 

2.074 

.620 

• 9 56 

49.7 

1005.5 

2.049 

1.200 

.844 

28.35 

361. 

.0140 

1.776 

.4337 

.994 

52.7 

675. 

.0270 

1.097 

.0105 

. 830 

27.46 

569.5 

1.034 

.684 

.983 

51.0 

1083. 

1.930 

1.300 

.809 

26.10 

606.5 

1.930 

.7285 

.969 

50.67 

1187, 

1.974 

1.425 

.707 

24.70 

604. 

2.039 

.7255 

,953  i 

49.47 

1217. 

2.021 

1.461 

S' 


22u 


J25- 


0.42 

8.455 

11.05 

11.85 
12.36 

12.06 
13.35 

13.20 
9.02 
9.76 

14.06 

14.08 
15.58 
Id  . oO 
16.30 
16.19 

9.21 

9.21 

12.88 

12.91 

13.075 
14.04 
14.25 
14.25 
10.42 
10.45 

15.00 

15.08 

16.75 

16.67 
17.23 
17.54 
10.53 
10.57 

14.68 

14.76 

15.85 
15.99 
16.32 
15.99 

11.91 

12.00 

17.09 

17.21 
10.70 
18.83 
19.50 
19.62 


9.03 

9.04 

14.31 

14.30 
15.64 
15.64 
16.25 
16.11 

9.06 

9.87 

15.30 

16.32 
10.56 

10.50 
19.75 
19.53 

9.50 

9.50 

13.92 

13.96 

15.10 

15.30 

15.50 


15 . 56 


9.35 
9.30 
15.72 
lr  .79 


17.  ,4 

13.50 
1 ~ .90 

• .17 
- . 0 
15.34 
13.41 

14.51 
14.63 
14.93 
14.69 

9.24 

9.30 

15.05 

15.19 

16.87 

17.00 


17.75 


17.85 
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REPORT  NO 
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BY 

DATE 

Jan  24,1953 

TABLE 

S co/tro 

rox  rvee  t>/AM  D'&fT 

1 

2 . 

3 

4 

23 

24 

25 

...  26 

to 

-o 

Mo 

Mj’M, 

L 

7J  */? 

Em 

nm\ 

/ OL 

0.25 

0.40 

3 

1960 

5.107 

5.144 

0.1038 

.5925 

.0615 

3 

2960 

7,718 

7.769 

0.1038 

.5925 

.0615 

10 

1960 

4.955 

5.068 

0,1028 

.2060 

10 

2960 

7.402 

7.651 

0.1028 

2.005 

.2060 

20 

1960 

4.753 

4.9  7 

0.1006 

4.10 

.4125 

20 

2960 

7.180 

7.50 

0.1006 

4.10 

.4125 

30 

1960 

4.562 

4.371 

0.0983 

6.28 

.6175 

30 

2960 

6.890 

7.355 

0.0933 

6.28 

.6175 

0.60 

3 

1960 

5.455 

5.538 

0.1122 

.597 

.0670 

3 

2960 

8.25 

0.375 

0.1122 

.597 

.0670 

10 

1960 

5.100 

5.36 

0.1007 

2.051 

.2233 

10 

2960 

7.720 

8.11 

0.1037 

2.061 

.2230 

l 

20 

1960 

4. 680 

4.650 

0.1042 

4.313 

.450 

20 

2960 

7.083 

7.792 

0.1042 

4.318 

.450 

30 

1960 

4.313 

4.967 

0.1006 

6.78 

.6815 

30 

2960 

6.525 

7.513 

0.1005 

6.78 

.6815 

0.50 

0.40 

3 

1960 

5.605 

5.643 

0.1141 

.5925 

.0676 

3 

2960 

8.467 

3.524 

0.1141 

. 5925 

.0676 

10 

1960 

5.440 

5.560 

0.1125 

2.005 

.2255 

j 

10 

2960 

8.210 

3.395 

0.1125 

2.005 

.2255 

i 

20 

I960 

5.215 

5.448 

0.1101 

4.10 

.4515 

1 

20 

29  60 

7.875 

8 . 223 

0.1]  01 

4.10 

.4515 

50 

19  00 

8 . ; >03 

5.34-2 

0.10  .0 

‘,.23 

.6735 

30 

2960 

7 . 560 

8.070 

0.1030 

u . 23 

. 6705 

0.60 

3 

1960 

5.90 

5.995 

0.1210 

.597 

.0722 

3 

2950 

3.92 

9.020 

0.1210 

.597 

.0722 

10 

1960 

5.53 

5.37 

0.1175 

2.061 

.2420 

10 

2960 

3.36 

8.730 

0.1175 

2.061 

. 2420 

20 

1960 

5.07 

5. 53 

0.1126 

4.518 

.4863 

20 

2960 

7.66 

8.43 

0.1126 

4.318 

. 4863 

30 

1960 

4.G7 

5.30 

0.1087 

6.78 

.737 

30 

2960 

7.06 

8.13 

0.1087 

6.70 

.737 

0.75 

0.40 

3 

1960 

6.49 

6.535 

0.1320 

.5925 

.07825 

3 

2960 

9.80 

9.87 

0.1320 

.5925 

.07825 

10 

1960 

6.30 

6.44 

0.1300 

.2605 

10 

2960 

9.50 

9.72 

0.1300 

.2605 

20 

1960 

6.05 

6.315 

0.1276 

4.10 

.523 

20 

2960 

9.13 

J . 535 

0.1276 

4.10 

.523 

30 

1950 

5.79 

6.185 

0.1249 

6.20 

.784 

30 

2960 

8.755 

-9.348 

0.1249 

6.23 

.784 

0.60 

3 

1960 

6.86 

6.96 

0.1409 

.597 

.0341 

3 

2960 

10.39 

10.545 

0.1409 

.597 

.0841 

10 

1960 

6.415 

6.7375 

0.1365 

2.061 

.2312 

10 

2960 

9.72 

10.21 

0.1365 

2.061 

.2312 

20 

1960 

5.38 

6.47 

0.1311 

4.318 

.566 

20 

2960 

8.92 

9.81 

0.1311 

4.318 

• 566 

30 

1960 

5.42 

6.24 

0.1264 

6.78 

,856 

— 

30 

2960 

8.21 

9.455 

0.1264 

6,70 

.856 
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AEROPHYSICS  DEVELOPMENT  CORPORATION 

PACIFIC  PALISADES,  CALIFORNIA 


REPORT  NO 

2000-1-Rl 


DATE: 

Jan  24.1955 


754&LE  & coht'o  roft  roee  &***  & 


28 

29 

30 

31  ... 

32 

33 

35 

Tr^7" 

T?  ... 

4r 

Cr 

2.098 

.705 

36.8 

374.2 

.0148 

1.45 

4.045 

9.80 

2.104 

.901 

62.8 

640. 

.0208 

1.65 

6.915 

9.82 

2.963 

.686 

35.6 

530. 

.0148 

1.495 

5.73 

14.36 

2.963 

.8905 

61.9 

921. 

.0238 

1.68 

9.95 

14.36 

3.22 

.659 

33.9 

552. 

.0148 

1.57 

5.963 

15.67 

3.21 

.875 

60.7 

986. 

.0288 

1.71 

10.65 

15.67 

3.332 

.622 

31.5 

532. 

.0148 

1.693 

5.75 

16.26 

3.30 

.856 

59.3 

989. 

.0288 

1.75 

10.69 

16.07 

2.45 

.747 

39.6 

406. 

.0147 

1.34 

4.388 

9.885 

2.435 

.923 

64.5 

654. 

.0286 

1.60 

7.065 

9.78 

3.525 

.704 

36.8 

627. 

.0147 

1.44 

6.775 

16.41 

5 • 532 

.90x 

62.8 

1070. 

.0205 

1.64 

11.56 

16.41 

3.91 

.650 

33.4 

649. 

.0147 

1.585 

7.01 

18.70 

3.095 

.8695 

60.2 

1164. 

.0286 

1.71 

12.58 

18.63 

4.158 

.599 

30.0 

615. 

.0147 

1.774 

6.647 

19.76 

4.105 

.835 

57.6 

1170. 

.0286 

1.79 

12.64 

19.58 

2.298 

.761 

31.0 

354. 

.0148 

1.675 

.957 

9.625 

2.298 

.9315 

56.4 

627. 

.0287 

1.03 

1.694 

9.61 

3.217 

.7445 

30.6 

497. 

.0140 

1.74 

1.343 

14.03 

3;  227 

.921 

55.7 

906. 

.0287 

1.86 

2.441 

14.05 

i 3. '465 

.710 

29.03 

509. 

.0148 

1.336 

1.375 

15.14 

I 3.510 

.900 

54.6 

973. 

.0287 

1.89 

2.629 

15.40 

! 3.57 

.691 

27.3 

494. 

.0140 

1.95 

1.335 

15.56 

o.57 

.894 

55.5 

909  . 

. 0207 

1.93 

2 . 618 

15.64 

2.580  . 

.709 

33.6 

367. 

.0146 

1.565 

.992 

9.445 

2 . 595 

.946 

57.6 

624. 

.0204 

1.774 

1.606 

9.36 

3.757 

.754 

31.7 

564. 

.0146 

1.685 

1.524 

15.61 

3.772 

.927 

56.2 

1020. 

.0204 

1.82 

2.757 

15.67 

4.20 

.701 

27.9 

580. 

.0146 

1.085 

1.566 

17.96 

4.18 

.898 

53.8 

1115. 

.0284 

1.90 

3.012 

17.90 

4.36 

.647 

24.4 

530. 

.0146 

2.155 

1.432 

18.76 

4.44 

.868 

51.5 

1140. 

.0284 

1.985 

3.080 

19.11 

2.625 

.833 

27.8 

350. 

.0144 

1.364 

.4205 

9.13 

2.634 

.973 

51.0 

645. 

.0263 

2.00 

.7747 

9.18 

3.66 

.820 

26.9 

493. 

.0144 

1.93 

.592 

13.30 

3.68 

.964 

50.4 

932. 

.0283 

2.02 

1.120 

13.44 

3.96 

.801 

25.8 

515. 

.0144 

2.01 

.619 

14.48 

4.00 

.953 

49.6 

1000. 

.0203 

2.05 

1.201 

14.65 

4.08 

.779 

24.3 

502. 

.0144 

2.135 

.603 

14.99 

3.996 

.941 

40.5 

904. 

.0283 

2.100 

1.182 

14,73 

2.97 

.8565 

29.2 

372.5 

.0140 

1.726 

.4475 

9,27 

2.992 

,9385 

52.3 

670. 

.0278 

1.914 

.805 

9.305 

4.28 

.827 

27.31 

569. 

.0140 

1.046 

.6835 

15.12 

4.31 

.9705 

50.9 

1069. 

.0270 

1.968 

1.284 

15.24 

4.71 

.787 

24.75 

579. 

* .0140 

2.038 

.6955 

16.96 

4.74 

.9465 

48.93 

1154. 

.0278 

2.048 

1.386 

17.10 

4.948 

.742 

21.01 

541. 

.0140 

2.310 

.650 

17.98 

4.975 

.921 

46.9 

1155. 

.0278 

2.135 

1.387 

17.86 

Erriwit  wnwMjrrfo* 
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2000-1-ttl 

PACIFIC  PALISADES,  CALIFORNIA 


Mo 


25  0.4 


I960 

29  60 

1960 

29  60 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

I960 

29  60 

1960 

29  60 

19  60 

29 1 0 

1960 

2960 

19  60 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

1960 

2960 

19  60 

2960 

1960 

2960 

1960 

2960 

1960 

2960 


5.09 
7. 65 
4.07 

7.34 
4.55 

6.35 
4.32 
6.50 
5.37 
8.12 
4.053 
7.345 
4.237 

6.41 

3.73 

5.64 
5.57 

8.41 

5.34 
0.06 
4.96 
7.49 
4 . •'05 
/ • 0 ' ) 
5.02 
0.79 

. 2 65 

7.25 
4.59 
6.935 
4.04 
6.11 
6.45 

2.74 
6.135 

9.34 

5.74 
8.68 
5.427 
0.20 

6.75 
10.23 

6.10 

9.25 
5.325 

8.065 
4 . 69 
7.105 


5.13 

7.73 

5.02 

7.58 

4.06 
7.33 
4.75 

7.16 

5.50 

8.31 
5.24 
7.9205 
4.93 
7.46 
4.675 

7.07 
o.625 

3.50 
0.51 

8.32 

r.  5f,o 

8.035 

0.18 

7.33 
6.96 
9.00 
5.68 
8 . 575 

5.34 
0.0  GO 
5.065 
7.655 
6.515 
9.84 

6.30 
2.64 

6.16 

9.31 
6.004 

9.07 
6.205 

10.47 

6. 58 
9.975 
6.193 
9.303 
5.875 
3.903 


.02  60 
.1112 
.1114 
.1060 
.1062 
.0997 
.1000 
.0945 
.0947 
.1130 
.1139 
.1114 
• 1115 
.1076 
.1077 
.1047 

.10;  o 

.1205 
.1205 
.1149 
.1150 
.1030 
. 1031 
.1024 
.1025 
.1317 
.1313 
.1290 
.1291 
.1246 
.1247 
.1215 
.1215 
.1395 
.1402 
.1330 
.1337 
.1251 
.1257 
.1137 
.1193 


26 

27 

/ol 

Wa  cyci£ 

.265  i 

.0275 

.265 

.0275 

.901 

.0915 

.901 

.0915 

1.07 

.1335 

1.87 

.1835 

2.832 

.277 

2.382 

.277 

• 2 JG 

.02902 

.268 

.02932 

.940 

.0997 

.940 

.0997 

2.01 

.2008 

2.01 

.2000 

3.20 

.3025 

3.20 

.3025 

.265 

.03016 

. 2 4.5 

.03016 

.901 

. 1003 

.901 

.1003 

1.  -7 
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